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MEMORIAL TO VIKTOR IVANOVICH MIKHEEV 


Viktor Ivanovich Mikheev, one of our leading crystallographers, died suddenly at the age of 45 on De- 
cember 12, 1956, while working with his students at the Leningrad Institute of Mines. 


V.1. Mikheev was born on February 11, 1912 inPetrograd, to the family of a printer, From 1918 to 1928 
he attended a secondary school. In 1928 he entered the Leningrad Institute of Mines, from which he was grad- 
uated in 1932. 


At the Institute, Viktor Ivanovich showed a very lively interest in crystallography, which was taught then 
by the well known professor Anatolii Kapitonovich Boldyrey. Boldyrev recognized his student's talents and in- 
troduced him to research work in the department. This led to Mikheev's specialization in crystallography. 


After graduatton, Mikheev remained at the Institute as a graduate student and laboratory assistant in 
crystallography. 


In March of 1936, the young scientist successfully defended his dissertation on "Standard Powder Photo- 
graphs of Refractory Minerals," and was awarded the degree of candidate of geological and mineralogical 
sciences. In the same year he became a lecturer in the department of crystallography and gave courses in 
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general and structural crystallography. Except for the war years, his entire scientific and pedagogical career 
was connected with the Institute of Mines, until death found him at his post. 


In September of 1939 came war with Finland, Victor Ivanovich was called up, and participated in action 
as commander of a detachment of army engineers. After demobilization, in November of 1940, he returned 
to the Institute of Mines, but for a short time only. In June of 1941 German Fascists attacked our land, and Mik- 
heey was again called into the army. He saw action on the Leningrad and Karelian fronts and in the Esthonian 
SSR. 


When war ended in April of 1946, Mikheev returned to the Institute to continue his scientific and pedago- 
gical work as a lecturer. 


From 1936 he was in charge of the x-ray laboratory at the Institute of Mines. During the war and the 
blockade of Leningrad this laboratory had been completely destroyed. It required exceptional energy on Mik- 
heev's part to create it anew. 


Mikheev's scientific activity began when he was a student. His first work, on the "Causes of layering in 
oversaturated solutions,” was published in the Proceedings of the Mineralogical Society in 1930. He was eigh- 
teen at this time. Since then he has published over 75 scientific papers. In addition he wrote 56 reports on 
individual minerals and mineral groups for various scientific-industrial organizations. The majority of these 
works were on x-ray investigation of minerals. Mikheev developed his own methods of investigation of min- 
erals and chemical compounds. Since x-ray diffraction data give the most important constants of a substance, 
he, together with his teacher,A. K. Boldyrev, used these data as the basis for a new determinative method, 


The Debye-Scherrer method was selected as the most suitable for analyzing mixtures and identifying 
minerals, The coincidence of the lines on a powder photograph of an unknown mineral with those of a known 
one on the reference photograph identifies the unknown or indicates its presence in a mixture. Coincidence 
of lines is established by comparison of interplanar distances computed from the photographs. 


In order to make this method practical, it was necessary to collect and arrange in definite order the data 
computed from powder photographs of known minerals, This was accomplished in the "Key for the determina- 
tion of minerals by x-rays." The first part of this work contains data for 142 minerals; the second, for 146, 
Shortly before his death, Mikheev sent to press a large third part with data for 905 minerals. He also prepared 
for publication a fourth part of the "Key." Mikheev was the most active participant in this work. The title 
page of the first part of the "Key™ bears his name as co-author with A. K. Boldyrev; the second part was pre- 
pared by him with the help of V. N. Dubinina; the third and main part is his own entirely; and in the prepara- 
tion of the fourth part he was assisted by E. P. Sal‘dau. 


While engaged in the enormous task of preparing the "Key," Mikheev made x-ray analyses of minerals 
and mineral groups and published the results of these studies as separate papers. Because of his labors, x-ray 
analysis of minerals is widely used in our country, and the publication of the fourth part of the "Key”™ will un- 
doubtedly greatly increase the usefulness of the method. 


Mikheev's investigation of arseno-sulvanite, a new mineral discovered by A. G. Betekhtin, deserves 
notice, This work will occupy an honored place in the history of Soviet crystallography, since it contains one 
of the earliest determinations of fine structure made in our country. 


Beginning in 1950, a series of articles by Mikheev devoted to the problem of crystal homology began to 
appear in crystallographic and mineralogical journals, This research resulted in a large monograph, "Crystal 
Homology,” which Mikheev defended brilliantly as a doctoral dissertation in 1952. The Academy of Science 
of the USSR honored this work by awarding the E. S. Fedorov Prize to its author. 


In his work on homology, in addition to the usual elements of symmetry, Mikheev introduces planes, axes 
and inversion axes of homology. A plane of homology is a plane of oblique reflection. An axis of homology 
is an axis of circular or elliptic rotation. Thus the elements of symmetry are only special cases of the ele- 
ments of homology. Mikheev's elements of homology are intimately related to Fedorov's affine deformations 
(shifting and stretching). The complete three-dimensional combinations of the elements of homology, or 
classes of homology, are derived from the 32 symmetry classes by the operation of shifting or stretching in 
oblique, parallel or perpendicular direction with respect to the symmetry elements. 
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As the result of solution of this problem, Mikheev derived 218 classes of homology. One hundred and eighty 
six of these classes are in the systems of lower symmetry. Therefore, classes of homology permit a much more 
exact classification of crystals with low symmetry, With their aid the packing of ellipsoids in parallel position 
and the symmetry of the resulting structure were derived for the first time. Such packing of ellipsoids is charac- 
teristic of crystals of low symmetry. The science of homology gave a practical solution of the problem of in- 
dexing powder photographs of substances of low symmetry. The new method of indexing takes account of the 


multiplicity of lines on a powder photograph for crystals of low symmetry as compared with those of cubic and 
hexagonal crystals. 


Enough has been said to make clear the exceptional depth and orginality of Mikheev's ideas, which have 
opened completely new and wide horizons in crystallography. 


In 1953,V. I. Mikheev was appointed Professor of Crystallography. In recent years he published a number 
of remarkable x-ray studies of chlorites, garnets, spinels, micas, etc., in which important relationships are 
established,permitting precise determination of the components of an isomorphous series. 


Mikheev's works are widely recognized among Soviet mineralogists and crystallographers, His “Key for 
the determination of minerals by x-rays" is well known abroad as well. Mikheev was on the editorial board of 
“Crystallography” and the "Proceedings of the All-Union Mineralogical Society," and he edited the collection 
entitled "Crystallography" published by the Leningrad Institute of Mines. 


Mikheev was a man of high principles, and exacting both in scientific work and in life. 


While still a student, Mikheev joined the Komsomol; and in 1940, while in the Red Army, he was accep- 
ted into membership in the Soviet Communist Party. 


V.1. Mikheev was awarded the orders of "The Red Star" and "Merit" and the medals "For Valor," "For 
Victory in the National War," “For the Defense of Leningrad" and “For Devotion to Work," 


The memory of Viktor Ivanovich Mikheev will live in the hearts of those who knew him. 


I. I. Shafranovskii and N. N. Stulov 
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SYMMETRY OF SCALARS, VECTORS, AND TENSORS OF SECOND RANK 


I. S. Zheludev 


The symmetry of polar and axial tensors is determined on the 
basis of the superposition of the elements of their symmetric and anti- 
symmetric parts. The results obtained in this way agree with the cor- 
responding ones for those cases which have previously been treated 
analytically. A new symmetry group is found for an antisymmetric 
axial tensor; it is shown that this tensor defines a polar vector and has 
its symmetry (co-m), A new symmetry group 4 is found, obtained as 
a result of the superposition of the symmetry elements of a polar and 
axial tensor of definite form. It is established that the number of 
groups of polar and axial tensors and their combinations is 17. 


1. INTRODUCTION 


In mathematics and physics (particularly in crystallophysics) one often has to deal with scalar, vector 
and tensor quantities. In treating these quantities most attention is usually paid to scalars of the first kind (or 
simply,scalars), polar vectors (or simply,vectors) and polar tensors (or simply, tensors), and less to scalars of 
the second kind ( pseudoscalars) , axial vectors (pseudovectors) , and axial tensors ( pseudotensors) . 


Without going into detail in examples of scalars, vectors and tensors, we note that one may think of a 
scalar by considering, for instance, overall (hydrostatic) compression, which is characterized by a single num- 
ber; one may think of a pseudoscalar by considering equal rotation of the plane of polarization for all direc- 
tions; one may think of a polar vector by considering the displacement of a body iinder the influence of a force; 
of an axial vector by considering the rotation of a body under the action of a force couple; of a polar tensor 
by considering the stressed state of a solid under the action of two equal but opposite forces (tension or com- 
pression) ; of an axial tensor by considering the stressed state of a solid under the action of two equal force 
couples whose moments are equal but opposite ( twisting). 


In tensor calculus scalar and vector quantities are usually treated as tensors of zeroth and first rank,res- 
pectively. The difference between scalars and pseudoscalars, polar and axial vectors, and polar and axial 
tensors is expressed analytically by the fact that their components transform differently on going from one 
coordinate system to another. The fundamental characteristics of polar and axial tensors of the second, first, 
and zeroth rank are shown in Table 1. 


In the transformation formulas for pseudoscalars, axial vectors, and axial tensors (see Table 1) the posi - 
tive sign on the cosines cj, of the angles between the new and old axes is taken when the old and new coordi- 
nate system have the same sign, being either left or right handed systems, and the minus sign is taken when 
the sign of the coordinate system changes (a left handed system is transformed to a right handed one, or vice 
versa). 


2. SYMMETRY OF TENSORS OF SECOND RANK* 


By treating scalars and vectors as special cases of tensors of second rank, we can define their symmetry 
in the same way as for tensors. A tensor is usually said to have one or another symmetry [ 1-3] if the application 


* In the present work we consider only affine orthogonal tensors. 
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ABLE a 


Fundamental Characteristics of Scalars, Vectors, and Tensors of Second Rank 


as 
ogs 
Terminology 6 8 ag Transformation formulas for | 
ie 638 the components 2% 
om Bhs oa 
PA Bae aL 
Scalar a 1 a =a 0 
Pseudoscalar A 1 A=+A 0 
Polar vector a 3 a,= eipay 4 
ta Rees Bhig 7) * 
. , 
Axial vector A 3 A, = + C;,A, 4 
Ay = £ i Ay 
Polar Tensor a 9 = 4 
{a} ik = %iSkm@tm ‘ 
, 


ik = io mk*1m 
Axial tensor {A} 9 Ay = + ¢41emAim 2 


, 
Ay = C4 maAim 


of the appropriate symmetry transformation transforms all of its components into themselves. The symmetry 


of polar and axial tensors of second rank has been treated by Shubnikov [1]. We here propose a new method 
for determining tensor symmetries, This method, it seem to us, is quite simple and clear, and leads to more 
precision in the previously obtained results on symmetries of tensors of second rank, as well as to several new 


results. 


As is well known, the symmetry of a symmetric polar tensor 


412 Ae9 dog 
213 423 Agg 


411 Ay ay | (1) 


is determined by the number of its different diagonal components. The number of these different components 
can always be found,since an arbitrary symmetric tensor can be transformed by a coordinate transformation to 


one of the following three diagonal forms; 


Pein) a0 0 a0 0 
0 ayy 0 : 0 wy 6) F 0 Se (0) . 
0 0 ayy 0 0 Tes 0) 0 Gn (2) 


The coordinate system in which a symmetric tensor appears in diagonal form is called the principal coordinate 
system. 


It turns out that in the case in which all the diagonal elements are equal ( aj=Ag9=a33), a Symmetric polar 
tensor has the symmetry of one of the limiting point symmetry groups, namely that of a sphere with symmetry 
planes, which Shubnikov denotes o0/oo:m. This tensor is completely specified by a single number, its form is 
independent of the coordinate system, and any symmetry operation can be performed on it, so that it possesses 
the symmetry of a scalar «0 /oo-m. When two of the diagonal elements are equal (for instance a44=ag24ag3) , 
the tensor possesses the symmetry m-oo:m, or that of an ellipsoid of revolution; when the three diagonal ele- 
ments are unequal, the symmetry is m*2;m or that of an ellipsoid with three unequal axes. It is interesting 
to note that from the point of view of symmetry it is irrelevant if one of the diagonal elements of a symmetric 
polar tensor vanishes ( that is, if the tensor is not complete). 
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An antisymmetric polar tensor (aj, = — aj) 


0 —ay2 443 
a32 O — ad], (3) 
— 443 423 


defines an axial vector, as is well know, which possesses the symmetry oo: m (an axis of order infinity and a 
symmetry plane perpendicular to it). A geometric model of an axial vector, according to Shubnikov, is a di- 
rected lineelement. According to a theorem of Shubnikov [1], it is always possible to perform a coordinate 
transformation which will bring an antisymmetric tensor into the simplest form: 


QO — a2 0 | 
a OMO-s 
ee mtr (4) 


In this case the X3 axis coincides with the oo axis, and we shall call this the principal axis of the antisymmetric 
polar tensor (or axial vector). 


A general polar tensor (asymmetric) can always be resolved into the sum of two tensors, one of which is 
symmetric and the other antisymmetric. One may assume that the symmetry of a general tensor is given by 
the superposition of the symmetry elements of its symmetric and antisymmetric parts ( the Curie symmetry 
principle). As will be shown later, this assumption is valid even if only because the results obtained by the 
method suggested are not in contradiction with those obtained analytically (for those cases which have been 
previously considered), 


Let us determine the symmetry of an asymmetric tensor by proceeding inthe following way. First, by a 
coordinate transformation, let us bring the symmetric part of the tensor into the form given by its principal 
coordinate system* and its antisymmetric part to the simplest form given by (4). In doing this, the following 
two cases may arise: 1) the principal axis of the axial vector (antisymmetric part of the tensor) coincides with 
one of the principal axes of the symmetric part of the tensor, and 2) two such axes do not coincide. In both 
cases the symmetry of the asymmetric tensor is defined as the largest common subgroup of the symmetry groups 
of both parts for the given distribution of the symmetry elements of the groups co/oo- m, m-o:morm-:2:m 
and the group o;:m. 


For the first case, the forms of the asymmetric tensor obtained as a result of adding the transformed sym- 
metric and antisymmetric parts (which we shall call canonical forms) are 


431 — 432 0 41 — yp 0 a3, — yo 0 a4, — a2 0 
au 4,0 |; 22 a ; Q19 Qn 0 |; Q12 A290 . 
0 ay 0 agg 0 0 Ase 0 a33 


It is‘easily seen that the symmetry groups of these tensors, according to the Curie symmetry principle, are 
©:m; 0:m; 2:mand 2:m, respectively. 


In the second case we shall consider the tensor to be in canonical form when it is written in the princi- 
pal coordinate system of the symmetric part. It is clear that in this case the axial vector will not be written 
in simplest form. Examples of canonical forms of such tensors are 


| 


In this case the general symmetry element of a symmetric tensor and an axial vector will be just the symmetry 
center, so that these tensors belong to the symmetry group 2. 


4311 — Q2 13 
12 422 — dog 
aE 93 a33 


42 441 — Ao 
— 433 A209 a3 


e 


431 — Qj2 413 | 
’ 


*We note that any arbitrary coordinate system may be taken as the principal one of a tensor for which a44=a99=a35 
(that is,a scalar), whereas for a tensor for which a4y=a99 #a33, only the direction of the X; axis is fixed. 
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TABLE 2 


Canonical Forms and Symmetries of Polar Tensors of Second Rank 


i Canonical form Tensor : 
Terminplogy _ | Orientation of the axes 
of tensor symmetry 
ay 0 0 
Scalar O ay, 0 o0/00-m Axes arbitrarily oriented 
0 0 ayy 
ayy 0 0 
0 ay O m-co:m The oo axis coincides with 
0 0 agg the X, axis 
Polar tensor ; a. ‘ 
Qyy 0020 The 2 axis coincides with the 
0 ag, 0 m:2:m | Xy,X_, X3 axes 
0 0 a33 ade 
: O—a;, 0 The oo axis of the axial vector 
Axial vector a 0 0 Pee : : 
Se coincides with the X axis 
ORO 0 
co:m 
Combination of @11—412 0 The oo axis of the axial vector 
scalar and axial Q32 41 
vector 0 0 ay coincides with the X, axis 
@3;—dy» 0 The oo axes of the polar tensor and 
Gy, 43, 0 eae of the axial vector coincide with the 
433 Xg axis 
Chet eg The oo axis of the polar tensor coin- 
11—412 cides with the X, axis; the o axis of 
232 49 the axial vector coincides with the 
O22 3 X, axis 
Combination.of Panay The 2 axes of the polar tensor coin- 
polar tensor and et RAO cide with the X;,X2,X3 axes; the a 
Ouyees axis of the axial vector coincides with 
axial vector 33 X 


3 axis 


te SBR GRE The o axis of the polar tensor coin- 


ae ears cides with the X; axis; the oo axis of 
My a Pe the axial vector coincides with no 
a ROUGE AX19 oo eee ee 
The 2 axes of the polar tensor coin- 
Qy1—439 48 cide with the X;,X»9,Xg axes; the 
Q33 Aeg—Ao8 oo axis of the axial vector coincides 


Fg ochre sa with no other axis 

These considerations show that the determination of the symmetry of a general polar tensor reduces to 
the determination of the symmetry of a scalar (which is a special case of a symmetric tensor), a symmetric 
tensor (which is all that should properly be called a tensor), and an axial vector, plus the determination of the 
symmetry of their combinations, The total number of symmetry groups for a polar tensor is six: 00/00 +m; 
m-:-oo:m; m:2:m; o:m;'2:m; 2. All these groups are centrally symmetric. The canonical forms and sym- 
metries of polar tensors of second rank are presented in Table 2. 


3. SYMMETRY OF AXIAL TENSORS OF SECOND RANK 


As has been mentioned above, the components of an axial tensor {Air \ transform according to 


Aix = Cit Cm A’ (5) 


lm? 


which coincides with the transformation equation for a polar tensor 


, 


Qik = Cil Cmk Qin 
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for the case in which the coordinate transformation reduces to a single proper rotation (or, reflections are ex- 
cluded). In dealing with the symmetry of polar tensors, we used several theorems of tensor algebra (the possi- 
bility of bringing a symmetric tensor to diagonal form and an antisymmetric tensor to simplest form; the pos- 
sibility of resolving a general tensor into its symmetric and antisymmetric parts, etc.). It should be noted that 
there is no loss of generality in these theorems if the only coordinate transformations we consider are those which 
are connected to proper rotations. We may thus assert that by using only proper rotations (when the transforma- 
tion formulas for polar and axial tensors are identical) a symmetric axial tensor can be brought to diagonal form, 
an antisymmetric one to simplest form, and a general axial tensor (asymmetric) can be resolved into its sym- 
metric and antisymmetric parts. 


As has been shown by Shubnikov [1], from the point of view of symmetry there exist four different kinds 
of axial tensors with only diagonal nonzero components (and therefore symmetric), namely 


Ai 0) 0 Aix 0:4 0 40° 0 Aik i020 
0 Ay, 0 ’ O Aj 0 ’ 0 Ar. O ’ | 0 —Ay, 0 |, 
(Tia ai 2 Dies Oinie eg ey 0 0 0 


and these belong to the symmetry groups 00/00; 0:2; 2:2 and 4-m, respectively. A tensor, all of whose dia 
gonal elements are equal,has the same form in all coordinate systems. The forbidden symmetry operations for 
this tensor are any inversions (according to its symmetry formula). Thus this tensor, since it is defined by a 
single number and changes its sign on reflection, has all the properties of a pseudoscalar, which means that a 
pseudoscalar has the symmetry o/oo. The remaining three symmetric tensors may properly be called axial 
tensors. 


Geometric models of these tensors are a sphere with its radii twisted equally in a given direction (a0/o), 
a sphere twisted equally along two mutually perpendicular directions and differently along the third (00: 2), a 
sphere twisted unequally along three mutually perpendicular directions (2:2), and a sphere twisted equally 
along two mutually perpendicular directions, but in the opposite sense (4-m). 


Let us go on to a determination of the symmetry of an antisymmetric axial tensor, Since the proper sym- 
metry of a tensor (which is what we are discussing in this paper)is independent of the coordinate system in 
which it is represented, we shall consider an antisymmetric axial tensor in its simplest form; 


OMA nO 
Aicie0 70 (6) 
0 0:4G 


We shall prove that this tensor possesses the symmetry oo-m, or that of apolar vector [2]. It is not neces- 
sary to prove that this tensor has a symmetry axis oo coinciding with the X, axis, since the antisymmetric polar 
tensor of similar form (axial vector) has the same kind of a symmetry axis, and under proper rotations about 
the X3 axis (which js the kind of rotation that corresponds to the oo axis) the transformation laws for axial and 
polar tensors are the same. It is easily verified that the tensor shown in (6) has no symmetry plane perpen- 
dicular to the X, axis, but has an infinite number of symmetry planes passing through this axis. Indeed, the 
matrix of the direction cosines corresponding to reflection in the plane perpendicular to the X, axis is 


and according to (5) the components of (6) under such a coordinate transformation (multiplied by minus one) 
are 


Aj, = Ayy = A33 = Aig = Ay = Agg = Ajo= 0 
Aja = Ajo; Ao, = — Ayo 


° 
’ 
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But before transformation we had 
Ajo = — Ajo; Any = Aj. 


This shows that such a transformation is allowable from the point of view of symmetry only if Ayz= Ag = 0, so 
that (6) has no symmetry plane perpendicular to the Xg axis. 


Fig. 1. Geometric models of scalars, vectors and tensors of 


second rank. 


The matrix of direction cosines corresponding to reflection of the coordinate system in some plane pass- 


ing through the X3 axis and making an angle « with the X, axis is 


cos 2a sin 2a 0 
sin 2a —cos 2% 0. 


0 OF 0 
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TABLE 3 


Canonical Forms and Symmetries of Axial Tensors of Second Rank 


eS 


Terminology Canonical form | Tensor | Orientation of the axes 
of tensor symmetry 
Ay, O 0O : P 
Pseudoscalar 0 Ay, 0 00/00 Axes arbitrarily oriented 
0 0 An 
im 
(iu 0 5 The oo axis coincides with the 
Ay Gor xi 
0 6 an Xg axis 
Aggalmenser Ay, 0 0 The 2 axes coincide with the 
0 Ago 0 gite : 
0 0 Ad X1,XgpX3 axis 
ite YY _ The & axis coincides with the 
PRY 4-m X, axis; the 2 axes coincide with. 
° a the X, and Xg axes 
0 —Ay. 0 : Pale ; 
Dolamvector Haw.Oa0 co:-m The o axis coincides with the 
0 Og0 Xg axis 
Combination of Ayia 0 
pseudoscalar and Ay, Ay O Axes arbitrarily oriented 
Brie tigicres dung leben ew aie vector 0 Ay 
co . 
Combination Eat Te MOE 7 br conpaaly Berman axia Au Ais 0 The oo axes of the axial 
tensor and polar Aig Ay 0 tensor andthe polar vector coincide 
vector A33 with the X, axis 
Frees asi) 0 The oo axis of the axial tensor coin- 
0 Nig te Ane cides with the X, axis; the ow axis o 
0 Acg Ags the polar vector coincides with the 
Ky exis” ee 
 eeeee oa () The 2 axes of the axial tensor coin- 
a AG cide with the X;,X2,X3 axes; the oo 
a ae A axis of the polar vector coincides 
y with the X, axis 
| The oo axis of the axial tensor coin- 
Ay, —Ajy. Aig cides with the X, axis; the o axis 
Aiz Ai, —Agds of the polar vector is directed arbi- 
Combination of axial|—~413 423 Asa trarily with respect to the X,, Xe, 
tensor and polar X3 axes 
vector The 2 axes of the axial tensor coin- 
Aly Aq wis cide with the X;,X_,X3 axes; the oo 
Az Ag —Adg axis of the polar vector is directed 
—Aj;3 <Aog Aga arbitrarily with respect to these 
axes 
y ee he ee The 4 axis of the axial tensor coin- 


the polar vector coincides with the 
ee ee 

ve aes ai a The symmetry plane makes an angle 
Bey Fp oe 0) i. of 45° with the axes X, and X_ 


0 : : 2 : 
12 —Ay : | 2.m cides with the Xg axis; the o axis of 


Using this matrix, we obtain an expression for the components of (6) in the new coordinate system. Performing 
the calculations, we obtain 


Aj, = Ago = Ags = Ajy = Ay = As = Ay = 0 
Ain = — Aig; Any = Ayo: 


y 


(7) 


Thus, under this transformation, the tensor components transform into themselves, and this shows that (6) has a 
symmetry plane passing through the X3 axis. Since Equations (7) are valid for arbitrary a, there is an infinite 
number of such planes. It can be shown that (6) has no symmetry elements other than the oo axis and the planes 
passing through it. It has thus been proven that an antisymmetric axial tensor has the symmetry of a polar vec- 
tor (co-m). We shall call the axis of the coordinate system which coincides with the symmetry axis of an anti- 
symmetric axial tensor the principal axis of the polar vector corresponding to it. (The principal axis of the 
polar vector corresponding to the tensor (6) is the X, axis.) 


We shall not prove that the components of a general antisymmetric axial tensor 
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transform, as do those of the tensor shown in (6), like the components of a polar vector. The final conclusion 
from the consideration of an antisymmetric axial tensor is that this tensor defines a polar vector and has its 


symmetry. 
We have yet to consider the symmetry of a general (asymmetric) axial tensor. The symmetry of such 
tensors can also be found from the superposition of the symmetry elements of a symmetric axial tensor and an 


antisymmetric axial tensor (polar vector). The results of such a superposition are given in Table 3. The canoni- 
cal form of tensors in this case is that in which the symmetric part is in its principal coordinate system. 


TABLE 4 


The Symmetries of Scalars, Vectors, and Tensors, as well as some Combinations 


Symmetry 


1 Scalar Combination of polar 2:m 
Z Pseudoscalar } tensor and axial vector } 2 

3 . Polar vector (oe) 

4 Axial vector Combination of axial 2 

5 Polar tensor tensor and polar 1 

6 e o vector 2-m 
a Axial tensot m 

8 ° ° Combination of axial 4 

9 ‘a tensor and axial 


vector 


Asis seen from the Table,there exist only ten symmetry groups for axial tensors: 00/0, 0:2, 2:2, 4-m, 
oo-m, o, 2,1, 2-m, m, of which only the groups 0; 2; 2:2 and 4+m are symmetry groups for proper axial 
tensors, while oo/oo is the symmetry group of a pseudoscalar and oo-m is the symmetry group of a polar vector. 
The other groups o; 2, 1, 2:m and mresult from the superposition of the above groups. None of the symmetry 
groups of axial tensors presented contains among its elements a center of symmetry. We note, finally, that the 
axial tensor of the form 
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has the same symmetry (00; 2) as the tensor 


| Aun0 0 | 
Ja o,f 
33 


and has not been treated separately (just as we have not given a separate treatment for a polar tensor having 
vanishing diagonal elements, which has the same symmetry as one with no vanishing diagonal elements). 


It is interesting to note that combinations of polar and axial tensors may occur which belong to a new 
symmetry group which is not among the symmetry groups of polar and axial tensors alone, namely 4, This 
group is obtained as a result of combining an axial tensor with symmetry 4° m, and an axial vector with sym- 
metry oo:m on the condition that the 4 axis of the axial tensor coincides with the oo axis of the axial vector. 


Thus in general the symmetry of polar tensors is described by six groups, and the symmetry of axial 
ones by ten groups, and,in addition,combinations of these tensors can lead to another different group (4). The 
total number of symmetry groups of polar and axial tensors and their combinations is thus 17, Table 4 pre- 
sents the symmetry groups corresponding to scalars, vectors, and tensors, as well as groups corresponding to 
several of their possible combinations which lead to new symmetry groups (new, that is, with respect to the 
symmetry groups of the scalars, vectors, and tensors themselves). 


In Figure 1 we present geometric models corresponding to the symmetry of these 17 groups. 


The author expresses his gratitude to Academician A. V. Shubnikov for discussing several of the ques- 


’ 


tions dealt with in the present work. 
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X-RAY DIFFRACTION STUDY OF SODIUM AND POTASSIUM 
OXYGEN VANADIUM BRONZES Me, 33V,O, 


R. P. Ozerov, G. A. Gol'der and G, S. Zhdanov 


An x-ray diffraction study of the structure of sodium and potas- 
sium vanadium bronzes Meéo,33V,O, has been made. Positions of atoms 
in the structure recently determined by Wadsley have been refined by 
the use of sections of the electron density function. Crystallochemical 
similarity between the bronzes and the higher vanadium oxides has 
been established. 


An investigation of vanadico-vanadates, or more correctly, vanadium bronzes [1],with a formula usually 
written m +Me,O *nV,O4:pV,O; (Me~an alkali metal, m, n, p—integers) or MexV,0,(0< x <1) is interesting 
from both theoretical and practical points of view. A number of points were not clear in the crystal chemistry 
of these compounds, e.g., the valence of vanadium ions in the structure, the unusual properties of the vanadium 
bronzes, their high electrical conductivity, metallic luster, chemical inertness and others. Of practical interest 
is the clarification of the role of the bronzes in the vanadium catalysts and in the making of sulfuric acid, En- 
tirely contradictory views exist in the literature on this problem, Canneri [2] believes that vanadium bronzes 
are the active components in vanadium catalysts. If vanadium exists in these compounds in an intermediate 
valence state and is therefore easily reduced or oxidized, then his opinion is reasonable. But an opposite view 
is held by G. K. Boreskov [3], who believes that formation of the vanadium bronzes causes thermal poisoning of 
the catalysts. Until now it had not been definitely established which of these views is correct. 


The first step toward the solution of these problems is the determination of the structure of vanadium 
bronzes and to this the present paper is devoted. 


Sodium and potassium vanadium bronzes were obtained during investigation of the contact process of 
preparation of sulfuric acid, i.e,, of systems containing V0.5 and sodium and potassium sulfates and vanadates 
[4, 5, 6]. The bronzes form long, black, flat acicular crystals with bluish metallic luster. Their composition 
is (K, Na}pO *V_04° 5V20s or (K, Na)g.33V205. The crystals have a fairly large number of faces. The simple 
forms are the pinacoids {102}, {1 of 5 {100 fand {oor}. The development of different faces varies from crys- 
tal to crystal. 


Structural analysis by the Laue method shows that the crystals are monoclinic and belong to the Laue class 
Csh—-2/m. The dimensions of the unit cell were determined from photographs taken with an RKOP camera and 
then refined from photographs taken with the 114.56 mm RKU camera, and FeKq radiation. The reflections 


900, 902 and 5010 were used with 9 = 67-75°. 
The following values were obtained for the lattice period of Nao,33V205 (AFeKq = 1.93597 A); 
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a = 10.039 + 0.003A, 
b = 3.605 +0.003A, 
c = 15.335 +0.003A, 
8 = 10912’ + 3’ = 109.20° 


The period b was determined from the 020 reflection on a powder photograph of the sodium vanadium 
bronze. The volume of the unit cell is therefore 524.2 A®. 


Comparison of rotation photographs of sodium and potassium vanadium bronzes shows that their lattice 
periods are nearly identical. For this reason the above values were accepted for both vanadium bronzes. 


The density of the potassium vanadium bronze was determined in a pycnometer as p = 3.57 g/cm’. For 
this density and the formula KyV4,039, the number of molecules in the unit cell is ~1(0.97). The value of 
density computed from the x-ray data is Pyoent = 3.60 g/cm, 


The extinctions observed in the photographs indicate x-ray group No. 6 [7]. This group contains three 
space groups: A 2/m, A/2 and Am. The choice of the correct space group was made by analyzing the dimen- 
sions of the unit cell and the symmetry of the oxides of vanadium, molybdenum, tungsten and of the tungsten 
bronzes, The structures of many of these oxides [8] and also of some of the alkali compounds of these metals 


[9] consist of layers of polyhedra one polyhedron in thickness. Most frequently the polyhedra are octahedra, 
sometimes trigonal dipyramids. In all cases the period corresponding to the height of the polyhedron ranges 
from 3.56 A to 4.10 A. With decrease in symmetry of the lattice, these periods increase; for the 2/m class 
they are 3.5-3.7 A, for 2;/c— 4.0 to 4.1A. In the vanadium bronzes this period is 3.60 A and they belong 
therefore to the highest symmetry class — A2/m. This indicates also that in the bronze structure, all atoms 
lie in the mirror plane that is, their y coordinate is either 0 or 1h (position 4 (i)), a fact confirmed by the 
absence of extra-structural reflections even in the much overexposed photographs. 


That this choice of the space group is correct is confirmed by comparing reciprocal lattice photographs for 
alternating values of n; those for n equal to 0 or 2 are identical to those for n equal to 1 or 3, and this shows 
that they belong to the centrosymmetrical group — A 2/m. 


The magnitude of the period b suggests also that the structure of the bronzes consists of octahedra or tri- 
gonal dipyramids; the compounds built of other polyhedra (tetrahedrons VO,4) have no periods comparable to 
3.60 A [10, 11, 12}. 


The values of experimental structural amplitudes were determined from optical diffraction patterns. The 
total number of measured reflections was about 800 (MoKg -radiation), which includes practically the entire 
region of reflections. The intensity of reflections was estimated by comparison with a standard intensity scale 
[13]. To determine F as exactly as possible photographs with different exposures were used, Only the usual 
intensity factors were considered (absorption was disregarded), 


The first information about structure was obtained from the Patterson projection P (u, w) along [010]. 
The positions of the vanadium atoms in the unit cell were determined from the projection on the basis of pub- 
lished data on the structure of vanadium, molybdenum and tungsten oxides [8]. Wadsley's paper [14] with 
structural studies of the compound Nag-xV¢Qjs (this is his formula for sodium vanadium bronze) appeared at 
this stage of our investigation. Wadsley determined the initial position of the vanadium atoms from an analysis 
of the interatomic vectors by the method of “superposition of images" [15]. The structure was determined by 
him from the projection of electron density along [010] by the use of about 250 nonzero structure amplitudes 
of hOJ type. 


The coordinates of atoms given by Wadsley are listed in Table 1, while Fig. 1, A, shows the structure 
proposed by him. 


To check Wadsley's results we constructed, using his coordinates, analogous projections for both sodium 
and potassium vanadium bronzes. All projections are very similar, 
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When the structure of the vanadium bronze is projected along axis Y, three oxygen atoms are covered by 
vanadium atoms and this makes it difficult to determine their positions. Wadsley avoided this difficulty by 
making two projections of the function of electron density: the projection for determining the position of vana- 
dium atoms was based on distant reflections (2 sin @/A > 0.8), while the position of the oxygen atoms was de- 
termined by the use of differential synthesis. However, a more exact determination of the structure can be ob- 
tained not by the method of projections but from sections of the function p (xyz). This was one of the reasons 
whey we continued our study of this structure although Wadsley had already published his results, 
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Fig. 1. Structure of sodium and potassium vanadium bronzes, A) Location of 
atoms in the structure; B) arrangement of polyhedra (@ — location of alkali 


atoms), 


Another reason was that in the unit cellof the bronze, alkali. atoms occupy only two of four available 
positions and this brings up the question of the distribution of the atoms and the “holes” in the structure. It 
was desired also to determine exactly the position of atoms in the potassium bronze,which was not studied by 


Wadsley. 
These three circumstances made further investigations worthwhile in our opinion. 


The section p (x0z) was constructed by the use of 800 reflections, it is shown in Fig. 2. Two new appro- 
aches were used in the construction of this section. First, in our case (for group A2/m all atoms lie in the 
mirror plane) the following relations hold almost exactly: 
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F(hOl) = My F(h2l) = M,F(hA4l) = . «.. 
F(hAl) Mg F(h3l) = M,F (ASI) =... - 


For this reason, to construct this section it is necessary only to use the amplitudes with k = 0 and 1, To diminish 
error in determination of reflection intensities we added also the amplitudes with k = 2 and 3. Second, at pre- 
sent Booth's method is used in determining the positions of maxima in two-dimensional synthesis. With large 
unit cells and division of sides into 48 parts (in summation) this method becomes rather crude. We avoided this 


difficulty by using another method. 


TAB ime 


Coordinates of Atoms in the Sodium and Potassium Oxygen Vanadium Bronzes 


Ko.33V 20g (our re-| Nao0,33V205 


: 4 | Ko.33V205 Our re-| Nao.33V205 
Atoms |sults from p(x0z) | (Wadsley's 5 sults from p(x0z) \wadsley's data) 
< } 


section) data) section) 

V; x =0 .103 0.103 O4 0.222 0.219 
z = 0.337 0.339 0.438 0.436 
Ve 0.419 0.4119 O; 0.224 0.225 
0.417 0.117 0.265 0,264 
V3 0.411 : 0.411 Og 0.269 0.271 
0.289 0.289 0.107 0.108 
K (Na) 0.414 0.394 O, 0.421 0.419 
0.995 0.007 0.754 0.750 
Oz 0.049 0,053 Os 0.464 0.467 
0.813 0.811 0.396 0.396 

Os 0.079 0.078 

0.637 0.633 


Fig. 2. Two-dimensional section of the function of electron density p (x0z) 
for Ko,33V 20s. 


The coordinates of the atoms in potassium vanadium bronze determined by us and the p (x0z) sections 
are given in Table 1. Table 2 gives the corresponding interatomic distances. 


Table 1 shows that our atomic coordinates agree well in almost all cases with those obtained by Wadsley, * 
* We compare the positions of atoms in the structures of analogous sodium and potassium compounds on the 
assumption that the positions of vanadium and oxygen atoms are practically identical in these compounds. 
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STABLE 2 


Interatomic Distances (in A) in Potassium Vanadium Bronze 


1.64 Ve—Og 1.56 V3—Og 1.55 
Vi— 0, 4.90 V2—O3 1.89 Vs—O, 1.89 
Vi—O¢ 2.30 V.—0, 1.80 V3s—Oy 2.00 
Vie; 4.89 Vee0, 2.16 Vg-0, 1.79 
Vi—Og3 1.99 Ve—O. 2.28 Vs—O,g 2.68 
Oo—Oz 2.58 Os—Og 2.55 O,—O, 2.43 
O.—O, 2.65 O;—0¢ 2.60 Og—Os, 2.60 
O,—O, 2.78 Oy—Os 2.60 O;—Og 2.60 
O4—-O5 2 65 O,—Og 2.67 O;,—O, 2.69 
Oe Oy 2.74 Ore-Us 2.74 Os-20, 2.76 
Onas0s 2.84 550, 2.77 0730; 2.87 
0.0; 2.76 O:=-0; 2.66 Og=0r 2.86 
O3—-O4 2.85 0,—O, 3,07 O,--O7 3.14 
TABLE 3 It should be noted that the largest discrepancies occur 
in the case of those oxygen atoms which in the pro- 
eee Kp.3gV 205 Nao.33V205 jection are covered by the atoms of vanadium. Our 
Co tion (Wadsley's data) data are substantially different for the coordinates of 
the alkali atoms, In the structure these atoms are 
Me —O, 2.50 2.46 surrounded by seven oxygen atoms. The interatomic 
se —o ee a distances Me—O, according to Wadsley, range from 
Mo ty 2.57 2.29 2.29 to 2.75 A, In the structure of the potassium bronze, 
Me — Mo ane 2.22 according to our data, these distances are almost equal— 
Dba y a 2.49, 2.50, 2.56, 2.57 A. That the distances Me—O 
O,—Os, B23 (within 0.06 A) obtained by us from three-dimensional 
ee ae sections are equal is more probable than that they differ 
85 p 


by as much as 0.46 A and so our results appear to be 
Note: Me =an alkali metal. more correct. The discrepancy in the position of the 
alkali atoms might be explained by the fact that 
Wadsley determined positions of sodium atoms in the 
sodium bronze while our results are for the analogous potassium compound. However, our coordinates for Na 
obtained from the projection of p (x0z) for the sodium bronze also differ from his results. 
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Fig. 3. Comparison of structures of vanadium pentoxide and vanadium bronze. A) group- 
ing of polyhedra in V,O5; B) the grouping of polyhedra in Meo,33V20s. 
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Fig. 4, The grouping of polyhedra in the structures. A) VgOs; B) Vy2Oy6 and C) Meo 33V20s5. 


The distance between two alkali atoms in Nag 3V20, connected with each other by an axis of two-fold 
symmetry is 2.22 A according to Wadsley, but according to our data it is 2.02 A. The corresponding value for 
Ko.93V20s is 1.68 A. 

Noteworthy are the shortened (as compared with the normal 1.7—1.8 A) distance Vy—O,4 (1.61 A), V2—Og 
(1.56 A) and V,—O, (1.55 A). In general this shortening is observed in some vanadium, molybdenum and other 
transition elements [17]; in our case, however, the shortening is always in the direction vanadium — ox ygen— 
alkali metal. 


As can be seen from Fig. 1, the structure of vanadium bronze consists of strongly deformed octahedra VOg. 
This deformation is so great that some polyhedra, and especially those containing the V3 atoms, could be con- 
sidered trigonal dipyramids rather than octahedra; the distances V—O in these polyhedra differ considerably 
from each other; they are 1.55, 1.79, 1.89,2.00 and 2.68 A. If the structure is idealized, that is, if it is con- 
sidered as consisting of octahedra, then the grouping of the polyhedra can be rather easily visualized (Fig. 3, B). 
In this case the structure of bronze can be imagined as consisting of complex layers of octahedra infinitely ex- 
tended in the directions x and y. The layers share the vertices of the octahedra and extensive empty spaces are 
present between them. These empty spaces or channels extend through the entire crystal in the direction of the 
Y axis. The alkali atoms lie in the channels. 


The resemblance between the position of the octahedra in the structures of vanadium bronzes and in the 
higher vanadium oxides is easily seen. If the structure of a bronze is viewed in the direction normal to the xy 
plane, the layers will apear as zig-zag chains of octahedra analogous to those in VO; [18]; to see this, compare 
the shaded octahedra in Fig. 3. It is known that in the V,Os structure the chains shown in Fig. 3 are in contact 
only at the vertices of the octahedra (Fig. 4, A). The structure of Vy2O9¢ [19] is obtained from that of V2O5 by 
connecting each third layer with the preceding one not by vertices but by the edges of the octahedra (Fig. 4,B; 
r — displacement vector), If all layers are connected by octahedral edges, then a structure similar to that of 
MeV 42039 (Fig. 4, C) is obtained. There is, however, a significant difference; in the vanadium oxides the 
chains of octahedra have an infinite extent, while in the bronzes their length is limited to six octahedra. 


All this is so if the structure is considered as consisting of ideal octahedra. But even if the actual poly- 
hedra are considered the structures of the bronzes and the vanadium pentoxide have much in common. 
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Fig. 5. Chains of trigonal dipyramids in the structure. A) V2O5; B) 


In V,Os, vanadium atoms are surrounded by five oxygen atoms and form a trigonal dipyramid. But this dipyra- 
mid is peculiar because its four vertices (four oxygen atorns) all lie in almost the same plane. Attached by 
their edges the dipyramids form special chains shown schematically in Fig. 5, In the bronzes similar chains of 
dipyramids stretch along the y axis joining the layers of octahedra (Figs. 1, A and 5, B). In the structure of 
another vanadium compound, the potassium metavanadate monohydrate KVO;*H,O [9], vanadium atoms are 
also surrounded by five oxygen atoms and the polyhedra join each other in approximately the same way (Fig. 5, 
B) but the chains are different from those of V,Os or the bronzes. 


The alkali atoms, as has already been mentioned, lie in the channels between the layers of the octa- 
hedrons VOg. Each alkali atom is surrounded by seven oxygen atoms and this group forms a polyhedron which 
is a combination of a trigonal prism and half an octahedron. The seven-fold coordination is rather rare but 
several occurrences of it are well known at present: the ion (NaF7)* has such a structure [20], and similar poly- 
hedra are found in the structure of the intermetallic bismuth compound Bi,Ni [20], etc. 
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This investigation of the structure of sodium and potassium vanadium bronzes Meo.33V20s is the first step 
toward a crystallochemical study of these compounds. 
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CRYSTAL CHEMISTRY OF THE OXYGEN VANADIUM BRONZES 


R. P. Ozerov 


Certain conclusions concerning crystal chemistry of vanadium 
bronzes are reached on the basis of x-ray diffraction studies and ther- 
mal and electrical measurements. It is suggested that the atoms of 
alkali metals in vanadium bronzes are in the metallic state, while 
the state of vanadium atoms is near that in VgOs. Electric, thermal 
and catalytic properties of vanadium bronzes are considered from 
this point of view. It is shown that the names for these compounds 
formerly used in the literature are not justified by their crystal] 
chemistry. 


Studies of structure and certain physical properties are of great importance in establishing the crystallo- 
chemical nature of the vanadium bronzes. The structure of sodium and potassium vanadium bronzes was des- 
cribed in a previous article [1]. The present paper gives results of determination of some of their physical pro- 
perties and a number of conclusions concerning their crystal chemistry. 


PeeGentalne ( Mmernlaleamd & Lecter tl Properties — 


Thermal studies of pure sodium and potassium vanadium bronzes show that changes occur in them before 
melting. The thermal curves of Nag.33V,O5 (Fig. 1, a) have two clear endothermic effects at 590° and at 738°C. 
Another effect appears on the cooling curves at 652°C. The reaction at 738°C is related to the melting of the 
bronzes; the other two cannot be interpreted a priori. The thermal curves of the analogous potassium compound 
(Fig. 1, b) also show three endothermic effects—a weak one at 395°C and two stronger ones at 472° and 520°C. 
The latter corresponds to the melting of the compound. 


The occurrence of changes in crystalline substances before melting may be supposed to indicate poly- 
morphic transitions. To check this, x-ray diffraction photographs were taken in the significant temperature 
ranges; at 20°, 620° and 700°C for the sodium compound, and at 20°, 450° and 500°C for the potassium com- 
pound, The photographs were obtained from single crystals by the method of oscillation in a high temperature 
camera, Comparison of the photographs shows that, precision of the experiment being taken into account, no 
changes occur in either compound besides thermal expansion. It may be supposed that thermal effects are related 
to finer structural changes which cannot be detected by the usual x-ray methods. We shallreturn to this question later. 


An investigation of electrical conductivity is extremely important for the elucidation of the nature of 
the vanadium bronzes. The electrical conductivity of the bronzes was measured* on single crystals (at room 
temperature) and on powders (heated to fusion). The value of conductivity was measured with a double Wheat- 


stone bridge. 

The conductivity of the crystals of Nag.33V205 was determined semiquantitatively. This was enough to 
establish the electrical anisotropy of the compound. The resistivities in the direction of the long axis of an 
acicular crystal Pil and normal to it p, are significantly differenti 


py = 4.6-10%ohm: cmp, = 29 ohm-cm, 


* In collaboration with N. V. Noginov. 
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Their ratio is 29 


In other words, conductivity parallel to the length of the crystal is more than one hundred times as great 


as in the direction normal to the long axis of the crystal. 


Fig. 1. Thermal curves of sodium vanadium bronze (a) and potassium 
vanadium bronze (b). 


Conductivity of powdered bronzes was measured in the apparatus shown in Fig. 2. The powder was placed 
in a porcelain tube approximately 3 mm long. Two electrodes were introduced into the ends of the tube and 
clamped by two long bolts and crosspieces; one of the electrodes was insulated from the crosspiece by mica. 

This device was placed in a quartz tube of 100 mm diameter. The tube was attached to a vaccum pump by 
means of an air-tight water-cooled cover and evacuated to 10° mm mercury, Electrical contacts and a thermo- 
couple were inserted through the same cover. The quartz tube was placed in a vertical electric furnace. 


The resistivity of the sodium vanadium bronze powder is about 107? ohms cm, at room temperature. This 
agrees with known data [2]. Comparison with resistivities of crystals P| and p, shows that the resistivity of 
powder is determined mainly by the conductivity along the axis. 


The relation between resistivity of the sodium vanadium bronze and temperature is given in Fig. 3. In 
the interval from room temperature to 590°C the curve p (t°) is exponential, which is characteristic of semi- 
conductors. At 590°C the curve p (t°) shows an inflection and resistivity decreases rapidly, but at 630°C it be- 
gins to increase somewhat, passes through a maximum at 667°C and increases again toward the melting point 
(738°C), It should be noted that slightly different curves were obtained in repeated tests but their general trend 
and the position of special points were invariably the same. The position of special points on the curves coin - 
cides with the thermal effects shown by thermal curves. 


Vrae Structure and Properties of Vanadium Bronzes 


The variation of resistivity with temperature and the strong electrical anisotropy of the crystals are evi- 
dently related to the peculiarities of crystal structure of vanadium bronzes. It is natural to suppose that the 
unusual properties of the vanadium bronzes which distinguish them from all other vanadium oxides (oxides, 
common vanadates, etc.) are due to the presence of the alkali metals in a special state and distribution in the 
structure, 


X-ray diffraction studies of vanadium bronzes [1] show that the basic part of their structure is an oxygen 
framework consisting of layers of VO, octahedra united to each other in such a way that channels are left be- 
tween them extending infinitely, parallel to the Y axis, These channels contain atoms of the alkali metals, 
either sodium or potassium. 


Since in the unit cell of a vanadium bronze there are only two alkali atoms for four positions, half of 
the positions remain unoccupied, How are these atoms and vacant places distributed in the structure ? 
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According to Wadsley [3] the distance between two sodium atoms lying in adjacent polyhedra and connected by 
a two-fold axis of symmetry is 2.22 A, This exceeds the sum of two ionic radii,but he believes that such a dis- 
tribution is possible. Our data obtained from the p (x,z) projection for Nao 33V20s give a smailer distance, 2.02 
A. In Ko.33V2Os, instead of the expected larger distance, an even smaller one, 1.68 A, was measured, which is 
much smaller than the sum of ionic radii. This leads to the conclusion that two alkali atoms cannot be in two 


adjacent polyhedra connected by two-fold symmetry axes. This explains in part why a vanadium bronze of this 
structure cannot be obtained with x greater than 2/6 = 0.33. 


There are three possible positions for the alkali 
atoms (Fig. 4); either they are located in the poly- 
hedra above each other (along the Y axis), or in a zig- 
zag fashion, or at random, combining the first two posi- 
tions. In the first two cases order may be attained 
within the limits of a single channel; in the absence 
of order throughout the volume of the crystal,* order 
is attained by random distribution of adjacent channels. 
This "disorder" retains the space group A2/m for the 
crystal as a whole, although for each unit cell the 
group is Am. 


To pumps 


The three possible distributions of the alkali atoms, 
linear, zig-zag or random, are practically indistinguish- 
able by x-ray analysis. However, different distributions 


3 =r 6 of these atoms must result in entirely different physical 
ae IS: ‘ properties of the crystals. Indeed, if by analogy with 
«8 il 2 tungsten bronzes, it is supposed that in vanadium bronzes 
8 tl Nps HH 4 the neighboring alkali atoms have a metallic bond, then 
ge) i N 5 it follows that with linear distribution this bond is ef- 
: fective throughout the length of each channel. The 


presence of such metallic chains must necessarily af- 
fect electrical conductivity of the crystals and explain 
the sharp electrical anisotropy of vanadium bronzes. 
In the zig-zag arrangement of alkali atoms direct in- 
teraction among them is excluded and this must lead 
to reduced electrical conductivity in the direction of 
the long axis of the acicular crystals. 


Fig. 2. An apparatus for measuring electrical re- 

sistivity of powdered bronzes at different tempera - 

tures: 1) porcelain tube; 2) brass electrodes; 3) 

sample; 4) bolts; 5) cross pieces; 6) mica insula- 

tion; 7) glass nipples for insertion of electrodes; It may be assumed that the presence of alkali 

8) water tube for cooling of the cover. atoms with metallic bond in the channels of the oxygen 
framework is the cause of electrical anisotropy of the 

vanadium bronzes. At temperatures of 590°C and at about 650°C, these atoms are rearranged and this causes 

the anomalies appearing on the curves showing electrical conductivity of the powdered bronzes as a function 

of temperature; the absence of noticeable structural changes in this temperature interval does not contradict 

this hypothesis. There is, however, another important point to consider. Vanadium oxides, especially the higher 

ones, are typical semiconductors. Therefore the electrical properties of the vanadium bronzes are due to the 

combination of the semiconductor properties of the oxygen framework, consisting of VOg octahedra, with the 

metallic properties of the alkali atoms. Thus the interpretation of the function p (t°) becomes very difficult 

since it is affected by the electrical properties of the semiconductor framework and the metallic chains. 


3. Terminology, Tungsten and Vanadium Bronzes 


The term “vanadium bronze" was suggested by the author in an earlier paper [4] for the compounds 
known in the literature as "vanadico-vanadates" [5] or "vanadyl-vanadates" [2, 6], after comparing a number 
of their physical, chemical and structural characteristics with those of the tungsten bronzes. This term can be 
better justified now. 


Are the older names for these compounds correct 2? They imply the existence in these compounds of 
vanadium atoms with two different valences. According to this the compounds may be considered as salts of 
* No extra-structural reflections were observed even in greatly overexposed photographs, 
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vanadico-vanadium acid H,O oS sik CY ta V°*O. or HV,Og. Structural analysis of Meo.33V205 gives no reason to 
suppose that some of the vanadium ions (out of 12 in the unit cell) have different valence than others. It fol- 
lows from this that names like ''vandico-vanadate" and others are not justified by the crystal chemistry of these 


compounds. 
p , ohm-cm 

40 
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JO 
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400 


500 “600 Me a 800 
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Fig. 3. Resistivity of the sodium vanadium bronze as a func- 
tion of temperature. 


These compounds have much in common with the tungsten bronzes, which have been more completely 
investigated (an especially close resemblance could be expected with nonisometric tungsten bronzes but there 
are few data on these at present), The resemblances are many. 


Similarity of structure. The tungsten and the 


vanadium bronzes are not isomorphous, yet crystallo- 
chemically they are nearer to each other than to the 
corresponding tungstates and vanadates. The differ- 
ence between the structures of these compounds con- 
sists in the distribution and bonding of the oxygen 
polyhedra. In all known vanadates and tungstates the 
polyhedra in the crystal are not tied together con- 
tinuously but are either isolated (as in scheelite, CaWO,) 
or occur in separate chains (in metavanadates of the 
b a c alkali metals,MeVO3; see ref. in [1]). These struc- 
tures exist only by virtue of electrostatic attraction 
between anions and cations; ionic bonds are essential 
Fig. 4. Distribution of alkali atoms in the structure to them. 
of vanadium bronzes, 4) zig-zag; b) linear; c) 


In tungsten and vanadium bronzes the polyhedra 
random. 


MeOg (Me = W, V) form a stable framework with alkali 

atoms occupying empty spaces in it. In isometric 
tungsten bronzes this framework is preserved even after complete removal of the alkali atoms. The alkali atoms 
are in an entirely different state in the bronzes than in tungstates and vanadates since the ionic bonds between 
anions and cations are unimportant here. In tungstates and vanadates the cations are an integral part of the 
structure while in the bronzes the alkali cations are only “foreign inclusions" in the oxide framework. In this 
case the alkali atoms can use their valence electrons in different ways; when possible,they use them to form 
metallic bonds; in other words, they surrender them to the zone of conductivity. This is what makes bronzes 
such special compounds, 


Chemical similarity. As has already been mentioned [4], the chemical formulas of the tungsten and 
vanadium bronzes are analogous. The formulas MexWO3 and MexV,0sg are alike in containing tungsten and 
vanadium in their higest oxidation states. 
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It has been established [7] that tungsten is hexavalent in tungsten bronzes,as it is in WO3. Evidently, in 


vanadium bronzes, vanadium is pentavalent (as in V2Os), which agrees with the metallic state of the alkali 
atoms in the structure. 


Both kinds of bronzes are extremely inert chemically. 


The color of the tungsten and vanadium bronzes. Is is known that the color of the tungsten bronzes does 


not depend on the type of the alkali atom (Na, K, Pb, etc.) but only on the average formal valence of tungsten 
[7]. If the color of tungsten bronzes is taken as a function of the defect of formal valence (maximum minus 
average valence), then the color of vanadium bronzes is also found to obey this rule. It is interesting to note 
that the defect of valence is directly related to the concentration of the electron gas in the compounds (to the 


value x); apparently it is the state of this gas that determines the color of the bronzes (as well as their metallic 
luster). 


Electrical conductivity. The considerable structural difference between the two kinds of bronzes makes 
the similarity in their electrical properties less evident. Without a detailed investigation of these properties 
in vanadium bronzes it is impossible to make definite conclusions as to the state of the alkali atoms in them; 
however, the results already obtained (the difference in the values of py and p, , the relatively large value of 
specific conductivity, etc.) make it probable, as was stated above, that the alkali atoms in the vanadium, as 
in the analogous tungsten compounds, are in the metallic state. 


The specific properties of these tungsten and vanadium compounds make it possible to place them in one 
group, that of oxygen bronzes. The characteristic feature of these bronzes is the presence of alkali atoms with 
metallic bonds, i.e., the presence of electron gas, which gives these oxygen compounds their metallic properties. 


4, The Role of Vanadium Bronzes in the Catalytic Oxidation of SO, to SO, 


On the basis of results so far obtained it is possible to make certain tentative conclusions on the catalytic 
properties of vanadium bronzes and,in particular, on their role in the contact process of preparation of sulfuric 
acid, 


The catalytic reaction of oxidation of sulfur dioxide to sulfur trioxide is of the type which requires an 
intermediate substance. A good example of this reaction is the catalytic oxidation of orthoxylene to phthalic 
anhydride with pure vanadium pentoxide as the catalyst [8]. In this case the action of V2Os is due to the partial 
reduction of vanadium and formation of an intermediate oxide VygO9g,. The mechanism of this reaction con- 
sists in formation,on the surface of the vanadium pentoxide crystals, of nearly two-dimensional films of Vy,O9¢; 
the very close resemblance between the structures of these two oxides [1, 8] makes it easy to visualize this 
process, This resemblance is responsible also for the partial reduction of V,O, when melted in vacuum to the 
intermediate oxide V4qOo.. 


Vanadium bronzes do not exhibit these phenomena. They are very stable compounds. All vanadium 
atoms in them have the valence of five, which excludes the possibility of change of valence of vanadium in 
the structure. This suggests that vanadium bronzes are catalytically inert. A study of the phase diagrams re- 
presenting the action of vanadium catalysts with added sodium in the contact process [9] showed that the forma~ 
tion of the bronzes results not in activation but in thermal poisoning of the catalysts. 


In conclusion it should be mentioned that recently Krylov [10, 11] synthesized certain new niobium com- 
pounds, suggested by the diagonal analogies of Mendeleev's periodic table, which physically and chemically 
resemble both tungsten and vanadium bronzes; he believes that similar titanium compounds may also be made. 
These compounds he called niobium bronzes. Vanadium does not lie on this diagonal, which suggests that 
there may exist in the periodic table a whole region of clements capable of forming oxygen bronzes. Among 
these are the elements with high and variable valence,such as tantalum, chromium, manganese, rhenium and 
others. 


Further studies of structures, physical and physicochemical properties of similar compounds will undoubt- 
edly give more complete information on their nature. 


In conclusion the author wishes to express his gratitude to N. V. Noginov, V. F. Shramchenko and G. A. 
Kotov for their help in experimental work and to E. V, Kil'disheva for the synthesis of samples. 
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X-RAY STUDY OF THE SYSTEM PbTiO,—BaSnO, 


Iu. N. Venevtsev, A. G. Kapyshev, and Iu. V. Shumov 


The existence of a continuous series of solid solutions in the system 
PbTiO3-BaSnO, has been established and a phase diagram of the solid solu- 
tion (Pb, Ba) (Ti, Sn)O3 has been constructed. The Curie temperature in 
this system decreases with increase in BaSnO, content more sharply than in 
the system PbTiO,~PbSnO} with increase in" PbSnO,." 


INTRODUCTION 


In the system under investigation the titanate of lead is polar [1-3] while the stannate of lead is non- 
polar [2, 4, 5}. Both compounds have structures of the perovskite type [6-8] and it can be expected, therefore, 
that they would form solid solutions. Preparation and investigation of solid solutions between polar and non- 
polar compounds is of great practical and theoretical interest. The change of composition of polar solid solu- 
tions is utilized for obtaining materials with required properties and for investigation of the mechanism of 
polarization. The investigation of the system PbTiO3-BaSnOg in which isomorphous substitution of cations of 
both types occurs was undertaken also for the purpose of a more detailed study of the factors influencing phase 
transitions in polar compounds with the perovskite structure. There are no x-ray data on this system in the 
literature. 


Gharacteristics of Samples and Methods of Study 


Samples were prepared in the physical laboratory of the Institute of Crystal Chemistry AN SSSR. The 
variation of dielectric properties and of the coefficients of linear expansion with temperature were investiga - 
ted in the same laboratory. The results of the above investigations and the technical details of the prepara- 
tion of samples were described in [9]. 


The raw materials used were chemically pure BaCO3, TiO, and SnOg,and PbO of the reagent grade. The 
terminal heating temperature for all samples was 1250°C (held for about one hour), In the x-ray study at dif- 
ferent temperatures, essentially the same technique was used asin[10, 11]. For computation of the identity 
periods and determination of symmetry of the unit cells of samples containing 0, 10, 20, 30, 60, 70 and 100 
mole % BaSnOg photographs were taken with CuK, radiation andinthe case ofthe 40 mole%, BaSnQg, photo- 
graphs were taken with Cr radiation. In the case of the samples photographed with copper radiation, the iden- 
tity periods of the tetragonal modification were computed from ay, and a, lines with indices 413 and 314; 
periods of the cubic modification, from oy lines with Dh? = 24 and 26. Identity period of the sample with 
40% BaSnO3, photographed with Cr radiation, was computed from the group of lines a, with ch? = 10 (301, 103 
and 310). The angle of reflection 9 for these lines is about 65° and therefore the exactness of determination 
of the identity period for this sample is + 0.003 A. 


Results of Study of Samples at Room Temperature 


The values for the identity periods of PbTiO; and BaSnO, agree well with those given in the literature 
[8]. Study of the photographs of samples with intermediate composition showed that the system has a continu- 
ous series of solid solutions. The samples near PbTiO; in composition, like the end-member, exhibit tetra- 
gonal distortion of the unit cell. With increase of BaSnO, content, distortion decreases and at 43mole % BaSnO, 
it disappears completely. Solid solutions near BaSnO, have cubic unit cells. 
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PbTiO; mole %BaSn0s—>- BaSn0, 


Fig. 1. Relation between identity periods and 
the composition of the solid solutions (Pb, Ba)- 
(Ti, Sn)O3. 


Figure 1 shows the relation between identity 
periods and the composition of the solid solutions (Pb, 
Ba) (Ti, Sn)O3. The curve of variation in the ratioc/a 
with composition is given in Fig. 2, together with the 
curve for the solid solution PK(Ti, Sn)O3 [10,11]. The 
ratio c/a changes more rapidly in the former than in 
the latter. Extrapolating the ratio c/a to unity (in- 
terrupted line, Fig. 2) and taking into consideration 
that in changing from one modification to another the 
identity periods change abruptly [10], it may be con- 
cluded that the transition from tetragonal to cubic 
modification occurs approximately at 43 mole % 
BaSnOg. 


In the region of the cubic modification only three 
identity periods were measured (on samples with 60, 
70, and 100 mole % BaSnO3). Knowing these periods it 
is possible to draw a curve showing their change with 
composition for the entire region of the cubic modifi- 
cation (Fig. 1). The volume of the unit cell of the 
solid solution (Pb, Ba) (Ti, Sn)O3 increases with increase 


in BaSnO; content (Fig. 3), which is to be expected, since the ionic radii of tin and barium are larger than those 


of titanium and lead [12]. 


The curve (Fig. 3) shows a break at the point of transition from the tetragonal to the cubic modification. 
No abrupt change in volume of the unit cell occurs although it could have been expected. 


0 10 20 30 40| 50 60 10 80 90 m0 
PDTiO, mole %BaSn0;-> BaSn0, 
(PbSn0,)- (PbSn0,) 


Fig. 2, Relation between c/a ratio and compo- 
sition in the solid solutions (Pb, Ba) (Ti, Sn)O, 
and Pb(Ti, Sn)O3 [10, 11]. 
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Fig. 3. Relation between the volume of the unit cell 
and composition for (Pb, Ba) (Ti, Sn)O3. 


Phase Diagram of the Solid Solution (Pb,Ba) (Ti, Sn)Og 


For construction of the phase diagram some samples were photographed not only at room temperature 
but at high and low temperatures, High temperature photographs of a sample with 30 mole % BaSnO3 showed 
that the Curie temperature Tc = 190 4 10°C, while for pure PbTiO, it is 490°C [13-15]. Therefore the Curie 
temperature of the system decreases with increase in BaSnO, content. 


It has already been pointed out that at room temperature samples with BaSnO3; content up to 43 % have 


226 


a tetragonally distorted lattice while those with more than 43% BaSnO; have cubic symmetry. This means that 
for the former the Curie point is above room temperature while for the latter it is below. For the sample with 
43 mole % BaSnO; the Curie point is at room temperature. 


Knowing the Curie point of three samples (PbTiO; and samples with 30 and 43 mole % BaSnOg) it is pos- 
sible to draw a curve showing its change with composition. In order to discover the shape of the curve in the 
low temperature region and look for any other possible modifications in the system, samples with 40 and 60 
mole % BaSnO3 were photographed at the temperature of liquid oxygen. The 40 mole % BaSnO; sample ex- 
hibited a tetragonally distorted lattice and that with 60 mole % BaSnO3, a cubic lattice. Therefore, a sample 
with BaSnOg content between 40 and 60% must have the Curie point at -183°C. 


On the basis of the results obtained in the study 
of the system BaTiO3-PbTiOg [16], which show that the 
second and third transition points are lowered sharply 
into the region of low temperatures with substitution 
of lead for barium in BaTiO3, it may be supposed [10] 
that the unit cell of PbTiO, remains tetragonal from 
room temperature to 0° K, Since it has been establish - 
ed that at -183°C the unit cell of the sample with 40 
mole % BaSnOg is tetragonally distorted, it can be ex- 
pected that in the system PbTiO3-BaSnO, there are no 
other modifications except cubic and tetragonal. 


0 10 20 30 40 50 60 70 80 90 100 These data permit construction of a phase dia- 
PbTiO, mole % Ba a —  BaSn0; gram of the solid solutions (Pb, Ba) (Ti, Sn)O3 (Fig. 4). 
(PbSn05) —--  (PhSn05) The phase diagram of the solid solutions Pb(Ti, Sn)O3 


[10, 11, 17] is given for comparison. 


Fig. 4. Heavy lines — phase diagram of (Pb, Ba) 

(Ti, Sn)O3; thin lines — phase diagram of 

Pb(Ti, Sn)O3 according to the data in [10, 11, 17). As was shown earlier [10, 11, 17, 18], cations of 
A type (t < 1) fit loosely in the unit cells of compounds 

of PbTiO; and BaSnO3. Therefore it is useful to compare the phase diagram of this system with diagrams of 

other systems in which t < 1, and first of all with the system PbTiO3- "PbSnO 3." 


DISECUSSTON OF RESULTS 


As shown in Fig. 4 the Curie point in samples of solid solution with the end-member PbTiO, decreases 
more rapidly with increase in BaSnO; content than with increase in "PbSnO3." This follows indirectly from 
comparison of the rate of decrease of the ratio c/a in the unit cells of (Pb, Ba) (Ti, Sn)O3 and Pb(Ti, Sn)O, 
with increase in content of BaSnOg and "PbSnO3," respectively (Fig. 2). It is known that the higher the ratio 
c/a, the higher the Curie point. Figure 2 shows that the curve for (Pb, Ba) (Ti, Sn)Og3 is below the curve for 
Pb(Ti, Sn)O3. 


According to the investigations of Myl nikova[9], the curve showing variation of the Curie point with 
composition in the- system PbTiO3-BaSnO3,drawn on the basis of her study of its dielectric properties,has a 
somewhat different form. In particular, this curve lies a little above that shown in Fig. 2. One reason for 
this may be that the curves were obtained from studies of different samples, even though these were prepared 


in a very similar way. 


This difference does not change the conclusion that in the system PbTiO3-BaSnO 3 the Curie point is low- 
ered more rapidly than in the system PbTiO3- "PbSnO; " with increase in the content of the nonpolar compo- 
nent, for in both ours and Myl'nikova 's curves the curve of variation of T¢ for the solid solution (Pa, Ba)(Ti, Sn)O; 
lies considerably below the curve for Pb(Ti, Sn)O3. 


In the studies [10,17] it was shown that for compounds ABO; with t < 1 the Curie point, other conditions 
being equal, rises with increase in polarizability of the cation A and with decrease in the identity periods of 
the lattice. The observed sharper drop in the Curie point in the system PbTiO3-BaSnO,; may be explained by 
the fact that in addition to the factors which cause this drop in the system PbTiO,—"PbSnO3," there are addi- 
tional ones such as the lowering of mean polarizability of the polar ion of type A (polarization of the Ba ion, 
according to [19], is noticeably below that of Pb) and the fact that the introduction of a somewhat larger ion 
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Ba (Rpq = 1.38 A) as compared with lead (Rpp = 1.26 A),as well as introduction of large ions of tin for titan- 
ium,increases the dimensions of the unit cell of the solid solution (Pb, Ba) (Ti, Sn)O3. 


Comparison of phase diagrams of the solid solutions (Pb, Ba) (Ti, Sn)O3 and Pb(Ti, Sn)O, shows that the 
former exists in only two modifications (tetragonal and cubic), while the latter occurs also in a rhombohedral 
modification. The explanation of this difference is as follows. It is known [10] that the change from tetra- 
gonal modification to rhombohedral and from the latter to pseudomonoclinic may occur for those components 
of a solid solution for which t < 1, the lowest value of t characterizing the pseudomonoclinic modification. 
Thus the appearance of the rhombohedral modification in Pb(Ti, Sn)O3 is explained by the lowering of the 
factor t with increase in "PbSnO," content. In the case of (Pb, Ba),(Ti, Sn)O3, t does not change with compo- 
sition because the components of this solid solution have nearly equal values of t, which, according to the data 
from [10, 17], are .98 for PbTiO, and 1.01 + .03 for BaSnO3, and in reality are less than unity in both cases. 


SUMMARY 


1, An x-ray study of the system PbTiO3-BaSnO, at different temperatures has shown the existence in the 
system of a continuous series of solid solutions. 


2. A phase diagram of the system has been constructed. The existence of two modifications, tetragonal 
(polar) and cubic (paraelectric), has been established. The phase diagram is similar to that constructed by 
1, E. Myl'nikova on the basis of her measurements of dielectric properties. 


3. The Curie point in the system PbTiO 3-BaSnOg is lowered with increase in concentration of BaSnO, 
more rapidly thanin the analogous system PbTiO;—"PbSnO3" with increase in the second component. This con- 
firms the correctness of the earlier conclusions [10, 17] concerning the factors which affect the Curie point in 
compounds witht < 1. 


The authors express their gratitude to Doctor of Physicomathematical Sciences G. A. Smolenskii and to 
Candidate of Technical Sciences I. E. Myl'nikova for the loan of samples for x-ray analysis. 


They are deeply grateful also to G. S, Zhdanov for his discussion of this work. 
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THE CRYSTAL STRUCTURES OF 
TRANS -DIISOTHIOC YANOTETRAMMINE-NICKEL 


E. K. Iukhno and M. A. Porai-Koshits 


The structure of the monoclinic crystals of Ni(NH3)4(NCS), is 
investigated, It is found that the structure is molecular; the hexa- 
coordination octahedral complexes [Ni(NH3)4(NCS)9] have trans- 
structure. The linear thiocyanate groups are connected to the nickel 
atom through the nitrogen atom and are distributed along the lines 
of the Ni—N bond, The distances are Ni — N = 2.07 4 0.03, Ni — 
NHg = 2.15 + 0.02 kX. The distances in the thiocyanate groups are: 
N-C= 1.204 0.05;C —S= 1.61 + 0.04kX. Insignificant distor- 
tions of valence angles were observed, which are caused by the 
packing conditions. 


INTRODUCTION 


The x-ray examination of Ni(NH3)4(NCS), crystals was undertaken in order to determine the coordination 
number of the Ni atom in the given compound and consequently to ascertain the position of the acid radicals 
relative to this atom. An earlier examination of NiPy,Cl, crystals [1] showed that the structural elements of 
this compound are the molecular octahedral complexes trans-NiP y,Clg, in which all the bonds of the nickel- 
addendum, judging by the interatomic distances (Ni—Cl = 2.387, Ni—N = 2.00 kX), have a covalent character. 
The planes of all four pyridine rings are turned relative to the coordination square, formed by the N atoms 
around Ni, at a 45° angle in just one direction. The compound being described is isomorphic to the analogous 
cobalt compound CoPy,Cly. Crystals of Ni(H_O)4(CH3COO), [3] also have a similar structure. The lack of 
structural investigations precludes drawing further conclusions as to how general is the hexacoordination octa - 
hedral structure of the complex in compounds of the NiA4X, type. 


The question of the structure of the thiocyanate group, its configuration, orientation in the complex and 
dimensions is also important. The existing x-ray data and microwave spectra data for the thiocyanogen ion 
(NCS)", covalently connected by the thiocyanate group and the isothiocyanate group, do not permit a final 
judgement as to the constancy or, on the contrary, the inconstancy of the interatomic distances N-C and C—S, 
nor, consequently, as to the character of the bond between the atoms. 


The results obtained in separate examinations, both by the microwave spectra method [3-5] and the X-ray 
analysis method [6-8],differ significantly from one another. It is possible that these differences arose on account 
of inaccurate determination in one case or another. It is possible, however, that some differences are quite 
real, and the interatomic distances in the thiocyanate group would vary depending on whether it is connected 
with the central sulfur atom or the nitrogen atom, and also depending on the character and stability of this bond. 


Synthesis and Character of the Crystals 


Diisothiocyanotetrammine -nickel was obtained by Meizendorf [9] by dissolving nickel thiocyanate in an 
aqueous solution of ammonia and by evaporation of the resulting solution over a water bath. It is easier to 
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obtain this compound by the method described by Grossman [10]. A freshly prepared nickel hydroxide is dis- 
solved in a boiling aqueous solution of ammonium thiocyanate, and to the solution filtered from the nondissolv- 
ing hydroxide, containing Ni (NCS), and NH,SCN, an excess of concentrated ammonia is added. After cooling, 
coarse dark-blue crystals separate out from the solution. These crystals, left in the air, effloresce and turn sky- 
blue, and in water decompose with the formation of Ni(OH), and ammonia. 


Quantitative analysis gave the following results; 
24.09% Ni, 47.87% NCS, 27.97% NHg; within the limits 
of experimental error this corresponds to the formula 
Ni(NH3)4(NCS), (the compound Ni(NH3)4(NCS), contains 
24,15% Ni, 47.82% NCS and 28.04% NHs). 


The Ni(NH3)4(NCS), crystals are prisms, elongat- 
ed along axis c (Fig. 1). Optically the crystals are 
biaxial:ng = 1.674, ny, = 1.618, Np = 1.561 (in white 
light). The compound is paramagnetic, = 3.31 Bohr 
magnetons,* which corresponds to the two uncoupled 
electrons of the Ni atom. Either tetrahedral enclosing 
of the Ni atom (45 4p 3_ bonds) or octahedral (4, 4 4 fad?— 
bonds) is therefore possible. The crystals show no Mies. 
electricretiecr.* * 


Fig. 1. Crystal of diisothiocyanotetrammine- 


niekel Nine crystals were measured on the goniometer. 
ckel. 


Owing to the efflorescence of the crystals, the surfaces 

of the faces quickly become dull, and this unfavorably 
affected the precision of the measurements. The results of the measurements are given in Table 1. On thts 
basis, it was established that the crystals belong to the monoclinic crystal system, to the prismatic form of 
symmetry; for the axial units the ratios a: b:c = 1.40:1: 0.70 were obtained, and for the monoclinic angle the 
value B = 105°. 


TABLE 1 


Results of Goniometric Measurements of Ni(NH3)4NCS)» Crystals 


Simple No. of: 
ja lee bol Sil n> | ? ob. | Precision 
1 Prism 410 | 90°00’ | 36°30’ 9 + 10° 
2, n 411 46°30’ 48°30’ 3 + 30’ 
3 Pi oid 100 90°00’ 90°00’ 7 + 10’ 
Zidane Cae oor | 15°00" | 90°00’ | 9 | 307 
5 i 20ia| 37°30". | 270900" [a3 += 30’ 


The parameters of the lattice were determined by x-ray oscillation photographs along axes X, Y and Z, 
and also along directions [110] and [011], and made more precise by x-ray photographs taken in a camera 
photographing the reciprocal lattice, with Na€l-calibration: a = 11.46 + 0.02, b= 8.18 + 0.02, c = 5.68 + 0.02 
kX; B = 105°. The ratio is a;b:c = 1.401:1; 0.694almost exactly coinciding with the goniometric data. According 


to the x-ray oscillation photograph along direction [110], it was found that the unit cell of the crystal was 


centered with respect to face (001). 
* The magnetic susceptibility of Ni(NH3)4NCS), was determined by V. I. Belova at the Institute of General 


and Inorganic Chemistry, the Academy of Sciences, USSR. 
** The measurement of the piezoelectric effect was made by V. A. Koptsik of Physics faculty of Moscow State 


University. 


231 


3 
Determined by the pycnometric method, the density of the crystals is dy = 1.550 g/cm’; the number of 
molecules in the unit cell is 


V-dn 514.3-1.550 
= 7 GieMax wan gtd eee a ae 


the calculated density of the crystals is dy = 1.568 g/cm’. 


The space group is not clearly determined by extinctions, None of the additional extinctions, except 
those specified by the centrosymmetry of the lattice, were observed on the prints. Consequently, three Fedorov 
groups are possible: C2,Cm,C2/m. According to the goniometric data, and also because of the absence of 
the piezoelectric effect, the most probable group is C2/m. 


X-Ray Examination 

In the C2/m space group there are four equivalent twofold positions in centers of inversion, five fourfold 
positions, of which two are in equivalent centers of inversion, two are at the rotating second-order axes and one 
is in the plane of symmetry, and finally there is the general eightfold position. With two molecules in the cell, 
the position of the nickel atoms is well-defined, even without regard to the choice of space group, since in 
all three cases the coordinates 000 and oye is 0, can be ascribed to the nickel atoms, the origin of the cell 
coordinates having been selected in the appropriate way. 


Thiocyanate groups naturally cannot occupy the twofold and the first of the fourfold positions, since for 
these positions points with symmetry lare required. The distribution of the thiocyanogen group at the rotating 
axes is discarded simply from considerations of space: period b is insufficient for the spacing of two linear 
groups of NCS [11] in line with the nickel atom. Only one possibility therefore remains; the NCS groups must 
be placed in the fourfold position in the mirror plane of symmetry. The general eightfold position is of course 
ascribed to the NHg groups, 


For determining the structure, the zero and first five layer lines are unfolded by rotation of the crystal 
around axis Y and the zero layer line by rotation of the crystal around axis Z. X-ray photographs were taken 
by molybdenum emission in a camera for photographing the reciprocal lattice made at the NII of Physics, 
MGU. A visual appraisal of the intensity of the reflections was made with the help of a calibrated density 
scale. Structure amplitudes were calculated taking into account the polarization and Lorenz factors; the ab- 
sorption factor was not taken into account. For the x-ray exposure, crystals having a nearly true hexagonal 
cross section were selected, and in that case taking account of absorption does not materially change the pro- 
jection pictures [12]. The total number of reflections used during the calculation of the projections and the 
cross section equals 97 (for projection xz), 71 (for projection xy) and 394 (for the cross section). The structure 
amplitude values of | Fe(hk { )| when k = 0, 1, 2 are given in Table 2. 


For obtaining preliminary data regarding the structure, projections of interatomic vector functions were 
constructed on planes uv and uw. 


These projections are given in the curves in Fig. 2 and 3, Maxima located on axis u of projection uv 
are confirmation that the thiocyanate groups lie in one of the planes with the nickel atoms; these planes are 
oriented perpendicular to axis Y; the indicated maxima evidently should be ascribed to the ends of vectors 
Ni —N, Ni—C and Ni — S (the latter naturally is the most powerful). The distribution of maxima on the pro- 
jection uv thus confirms the presence of mirror reflection planes (at least in relation to the Ni atoms and thio- 
cyanate groups). The distances of maxima from the origin of the coordinates and from one another are less 
than the ordinary interatomic distances Ni — N, N—C and C — S, which is apparently the result of foreshorten- 
ing. The form of the projection of the interatomic function on plane uw does not contradict this conclusion; 
strong maxima corresponding to Ni — S vectors are found on diagonal line of the "thomb," the sides of which 
are a/2 and c. 


The number of strong maxima on the projection uw, which can be ascribed to the ends of the Ni — S 
vectors, shows that the sulfur atoms from only one true system of periods and therefore are connected with one 
another not only by the planes of symmetry but by the rotating axes. Thus, group C2/m finds further con- 
firmation here. 
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TUACB Ip mez 


Comparison of Experimental | Fe | and Calculated F, Structure Amplitudes 


Mel 


hil Ts a A net | [Fe hil 


fof) 


Ie fi! 
c se to} 


OOL | 26 | 27| 605 | 40 4)14.03|.42 1} °44)11.421 8 4] 622 6:| 412 
002 | 4]—14] 606 | 10] 45]14.04] 13 BELT 4e 16.) 19 628.4" abo | 4S 
003 | 47 37| 607 9 4} 110 | 37 | 44 113.10] 9 91 624 | 10 |—5 
004 | 48] 22] g00 | 44] 36] 144 | 78} 88] 920 | 84 | 106 | 625 8 9 
ONS |) O12) SOT 13) eo 12 sat aa0e Ons On 6-506. | 42 | 22 
O0G |) 4G) 1 23) 86" 25") 4b) 44341. 0 0: | 022) 45 (Me atibigog | 55 |. 45 
007 | 13} 4141 go3 | 41] 30] 144 | 38] 33] 023 | 74 | 68} 821 Da jened. 
200 | 34] 35] 804 | 10 Gi] Pde. 27 MrB8oh024o) B81) 34 1882 oho 2d ol 28 
204 | 43} 44] 805 | 9 Sie 412, [041 doed2, |. 025 On |emc8id 2825, Ie 20aal 42! 
202 | 82} 82} 806 | 14 8] 13 1191 19] 026 | 15 | 12] 842 Gena 
WG obe23: 1482) SOL] 08.) 42) An} 07 6 | 027 | 14 9 | 825 0 4 
204 | 10 |—21] 802 | 18] 14] 745 | 30] 38] 220 | 6 | —4 | 824 | 30 | 27 
5 lo lee ts) SUS 7 .| 23} 310 402.1601 22k 1-19 1-10 | eee | 401 410 
061 4D 1s 40 804 | 29.) aa) als | og) bo 220" 1) Oo | bail eae rat a i | 
a4 | 96 | 124] 805 | 8] 413] 312 | 8] 414] 223 | 53 | 43 | 824 | 34 | 36 
302 | 44 |—32] 806 | 0 Bie Sisor sO Eran tb 904 0 0 | 825 8 3 
2) 98) 410.001) O21 le 0 aa opt 92 110.20} 0 |—9 
204 | 62 SiO de] ait atl | -O-= 7) 996 + 43 | 13) ),10-21) 205 ae 
505 | 20} 291140.02] 281 417| 312 | 39] 28] 594 |440 | 125 | 10.22) 24 | 25 
206 | 0 0140.03} O| —1] 343 | 46| 47] 992°] 44 | 24 /10.23] 0 3 
400 | 15 |—17|10.04] 0 4| 344 | 221) 20] 993 | 44 44 110.24] 0 1 
401 | 82} 78140.05] 10} 42] 315 | 0 9415541 026 | se |1Oret) doer 2d 
402 | 751 71|410.01| 60} 44| 540 | 39] 38] 995 | 13 | 414 [10.22] 18 | 46 
A031 0 |>--4190.021 25.1 261 511) 1 0 6 | 226 § | —5 |10:23| 13 2 
404129) 19140.03| 0} =—4) 512-| 50:\|- 42.) 997>| 43.) 42:)40.24) 12 ,).16 
405 | 16} 16/10.04| 0 Si) O15. | BOM 27 A20s Wo 1S) tel tO 25 dhe ad 
406 | 0} —4}40.05| 16] 419] 511 | 40] 40] 421 | 54 | 49} 12.20; 9) 6 
401 | 15 |—416]10.06| 0 4|-542.| 8| 8 | 422 | 34 |.-30:/12:214715 | 15 
402 | 81 | 78]12.00] 18 | 16] 543 | 45 | 37 | 423 | 10 [14 } 42.22) 0} 3 
403 | 8} 44/42.01| 29] 22] 514 | 30} 37) 424 | 15 | 23 | 12.214 0 }—6 
404 | 28] 23]142.02} 0 0} 515212.0 841 25 | 42 ON OS 1222 42 24 
405 | 29] 38/42.03} 0| —2] 710 | 0] —2| 426] 0 0 | 12.23] 15 | 12 
A406 | 44 8/12.04| 10 Siiiiieieoo | U4 4al thay | ar tage t 9 y: 
600 | 36 | 28l7a.01/ 0 | —1| 72 | 20] 26} 422 |102 | 91 |14.20] 14 | 12 
601 | 49 | 40/72.02| 22} 21} M44 | 45] 40] 423 | 42 6 

602 | 0| —4] 12.03} 0 3| 712 |.46] 41 | 424] 0 | —4 

603.1539 1 34149. Gate On 22) 4S Oh Cue 41 25 

604 | 44} 29/19.05| 12 |. 10) 744 | 24) 23 | 426 | “9 | 44 

605 | 0} —3/13.06| 43] 15} 940 | 21] 20] 620 | 60 | 6O 

606 | 0 0114.001.201 416| 941 | 24) 21 | 624 | 34 | 50 

607 | 14 6|14.01] 8 6| 941 | 40 TT Oo22e AOC i415 

GOL | 6-12) 12-0274 0 2) $12.1739 | 85 |623 | 45 }--44 

602 | 42 | 31]14.03] 10 71/913 | 20| 22] 624 | 16 | 20 

603 | 85 | 78|414,01} 0 41 44:10)-24 | 22.1 625 0 4 

604 | 14 514 0210] — 6 Tie tito 15, | 620 | 22 7 


The maxima of Ni — NHg are also allowed on both of the indicated projections. Is is apparent that their 
distribution corresponds to the octahedral enclosing of the nickel atoms by six addenda; four NHg groups and 
two thiocyanate groups, connected with the Ni atom through the nitrogen atom. 


For refinement of the structure, 9 parameters had to be determined: coordinates x and z of the N,C 
and S atoms and coordinates x , y and z of the NHg groups. In the projection of the interatomic vector functions 
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Fig. 2. Projection of interatomic vector functions on 
plane uv. 


on plane uy all atoms are permitted (precisely the ends of the Ni-addendum vectors); therefore 5 parameters 

~ coordinates x of the N, C, S atoms and x and y of the NH groups — were determined simultaneously. In the 
projection of the structure on plane (010), the NCS groups, distributed approximately along the diagonal of 

the "thomb" (with sides a/2 and c), superimpose on one another; over the N atom, which is focated at height 

y = 0, lies the S atom at height y = 1/2 and vice versa; the C atoms also are superimposed on one another. 

An analogous superposition also occurs on the projection of the interatomic vector functions. Nevertheless in 

the first stages, the position of the corresponding maximum of the projection (010) was assumed as the coordinate 
z of the sulfur atom, in spite of the fact that as a result of superposition of the Ni —S and Ni — N vectors this 
maximum cannot be displaced, 


Coordinates z of the N and C atoms were calculated on the basis of data in the literature on the inter- 
atomic distances C — S and N —C in the thiocyanate group [3, 4]. 


The coordinates of the atoms were refined primarily by means of successive approximations through pro- 
jections of electron density on planes (001) and (010) (Fig. 4 and 5). 


Fig. 3. Projection of interatomic vector functions on plane uw. 


For obtaining final data for the coordinate z of the S, C and N atoms, a cross section was calculated for 
electron density p (x0z)(Fig. 6). Assumed as final were the coordinates x and z of the N, C and S$ atoms, 
obtained from cross sections, and coordinates x, y and z of the NH, groups, obtained from projections of elec- 
tron density (see Table 3). 
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TABLE 3 


eee 
Coordinates of atoms 


Atoms In fractions of unit cell in kx 

i Ay WV 2 nG ] z 

Ni 0 () 0 () 0) 0 

N 0.152 0 0.293 1.74 0 1.66 

C 0.240 0) 0.462 2.75 0) 2.62 

S 0.358 0 0.690 4.10 ) 3.92 

NI, 0.083 0.188 0.834 0.95 1.54 |4.74 (—0.94) 
The structure amplitudes of reflections h0/, hl, h2/, calculated according to these coordinates, are 


compared with the experimental in Table 2. The cempertnire correction constant B found by the usual method 
[13, 14] proved to equal 3.1 A?. The value of the Reliability Coefficient proved te equal: for reflections hk0, 
0.214; for reflections h0Z, 0.242. If the absent lFexp| are not counted, then R is 0.176 and 0.210 corresponding- 
ly. 

The calculation of the probable error in the determination of the coordinates of atoms according to the 
Vainshtein formula [15] for the three-dimensional case leads clearly to an overestimate of accuracy. This can 
be explained partly by the fact that under real conditions the termination of the Fourier series is not uniform 
along different directions so that the mean value (sin 9/ )r44x does not reflect the actual parameters charac- 
teristic of the termination of the series. 


On the other hand, it would be incorrect to take 
a minimum value as (sin 9/A Vax i.e., a value which 
corresponds to the upper limit of index k. Actually, 
since coordinates x and z are obtained ‘from a cross 
section parallel to ) plane (010), i.e., from the sum of 
the two-dimensional series with respect to h and 1, 
the termination of the series with respect to k does not 
give a terminated wave, but an error wave: it forms 
part of the error in the values of the coefficients p;,, 
and not in the limits of summation. 


Fig. 4, Projection of electron density on plane 
(001). Curves are drawn with intervals 4 el(kx)* 
beginning with level 2 el/(kX) (broken line). 


But in any case the error in the determination of 
coordinates from a cross section should be less than in 
the case of a projection. Therefore, in using the B. K. 
Vainshtein formula for a projection, we will in any 
case know the limits of the probable eiror. 


The Vainshtein formula for the projection in the present case has the following form: 


ee att 


Ar, = 0,114 - 


where b is the mean error in the determination of the amplitudes; Z; and Zj are the atomic numbers of the i 
and j atoms; S is the area of the corresponding face of the unit cell; eoaieert 0.114 is obtained from coef- 
ficients 0.111 (for B = 3) and 0.143 (for B = 4), indicated by B. K. Vainshtein by linear interpolation. 


According to this formula the values of probable errors were found to be: Ar, S 100i Atg= 0.04; An 0.03; 
AINH,g = 0.02 kx. 
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Fig. 5. Projection of electron density on plane (010). Curves are 


drawn with intervals 4 el/(kX)* beginning with level 2 el (kx)? 
(broken line). 


ite 


Fig. 6. Cross section of electron density along plane (010). 


Description of the Structure 


The crystal structure consists of the complex molecules [Ni(NH3)4NCS),], in which each Ni atom is en- 
closed by an octahedron of six nitrogen atoms. This confirms the suppositions of Shaw [16], based on the study 


of the slope of the curve of electrical conductivity of a solution of (NH3)4(NCS), and NHsg, that complexes of 
[Ni(NH3)4(NCS)9] are formed in the solution. The distancesin the complex are; Ni — NH3=2.15 + 0.02 kX, 
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Ni -N=2.07+ 0.03 kX. The octahedrons have insignificant distortions; the NH, molecules are not distributed 
in the form of a square, but form a rectangle having lengths of sides equal to 3.08 and 3.00 kX; the thiocyanate 
group, having a linear structure, is not distributed perpendicular to the plane of the rectangle of the four NH, 
groups, but deviates from the normal parallel to the shortest side of the rectangle by an angle of 1°15". All these 
deviations exceéd only a little the errors in the estimated positions of the atoms. 


Fig. 7. Distribution of molecules in a layer parallel 


to plane (201). Fig. 8. Superposition of molecules in subsequent layers 
of the structure. 


The thiocyanogen ion can have the following electron configurations: 
Cee ea Soande Nowa 


In the first case (the N — C and C —S bonds are double) there is an odd electron and consequently the negative 
charge also acquires a nitrogen atom. ‘In the second case (the N — C bond is triple, and C — S is ordinary) the 
sulfur atom proves to be negatively charged. The distances that we obtained in the thiocyanate group, N—C 
1.20 + 0.05 kX and C—S 1.61 + 0.04kxX, indicate that the bond between nitrogen and carbon is intermediate 
between double and triple. However, the circumstance that the linear group NCS deviates only a little from 
the line of the Ni — N bond shows that in the N —C bond the triple and not the double bond predominates. * 

It may therefore be supposed that the sulfur atom carries the surplus of the negative charge. Judging by the 
interatomic distances, the bond of nitrogen with nickel is also intermediate between the purely ionic and the 
purely covalent. 


The octahedral molecules are packed in layers in a close packed arrangement, parallel to plane (201) of 
the crystal, One such layer is shown in Fig. 7. In the layers the molecules mesh with sulfur atoms and the NHg 
groups. The S atom adjoins the four NH,- groups, which is in agreement with the conclusion concerning the 
surplus negative charge on the sulfur ion. Owing to the deviation of the thiocyanate group from the normal to 
to the plane of the rectangle formed by the ammonium groups around Ni, two NHsg groups prove to be at a nearer 
distance from the S atom (3.57 kX) than the two others (3.65 kX). 


The layers of molecules are superimposed on one another such that the two ammonium groups of the 
upper molecule mesh with the carbon atom of one thiocyanate group of the underlying molecule and vice versa. 
The other thiocyanate group abuts against the two NHs groups still lower than the positioned molecule (Fig. 8). 
Precisely this interaction of the NH groups with the C atom, on the one hand removes the NHg groups insigni- 
ficantly one from another, altering that same square around the Ni atoms, and on the other hand alters the thio- 
cyanate group from the normal to the plane of the rectangle of the four NH3-groups. 

*It is certain that the character of the Ni — N bonds in the NCS group is different from the kind in methyl thio- 


cyanateN=C =S., 
CHg 130° 
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The distance C — NHg (3.47 kX) corresponds to the Van der Waal bond and consequently the layers are 
loosely connected among themselves. 


This causes and explains the good cleavage observed in the crystal along plane (201). 


SUMMARY 


1. Crystals of Ni(NHg)4(NCS), belong to the monoclinic crystal system, The parameters of the lattice 
are: a= 11.46 + 0.02, b= 8.18 4 0.02, c = 5.68 + 0,02 kX; 8 = 105°. Their ratio is a:b:c = 1.401:1:0.694, 
The space group is C2/m; dp = 1.550 g/cm’; N = 2; dy = 1.568 g/cm, The crystals are optically biaxial: ng = 1.674, 
Nm = 1.618, np = 1.561. The compound is paramagnetic, jt = 3.31 Bohr magnetons. The piezoelectric effectis absent. 


2. As in the complex compounds Ni(NCsHs)¢Cl, and Co(NCsHs)Clg, in the crystal structure of Ni(NH3)4NCS)o 
nickel has a sixfold octahedral coordination. The linear NCS groups are located in the trans-position, connected 
with the nickel atom through the nitrogen atom and are distributed along the line of the Ni—N bond. The dis- 
tance Ni — N = 2.07 + 0.08, Ni — NHg~ = 2,15 + 0.02 kX. The distances in the thiocyanate group are: N—-C = 
1.20 + 0.05,C —S= 1.61 4 0.04 kX. 


3. The molecules [Ni(NHg)4(NCS),lare close packed in layers parallel to plane (201), The loose connect- 
tion of layers with one another causes the cleavage observed of the crystals along this plane. 


We are deeply grateful to V. 1. Belova for the determination of magnetic susceptibility and to V. A. 
Koptsik for the investigation of the piezoelectric properties of the crystals. 
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ELECTRON DIFFRACTION STUDY OF THE STRUCTURE OF 
THIN FILMS OF MOLTEN TIN 


A. I. Bublik 


On the basis of an analysis of the curves of radial distribution 
of the atoms, constructed from the data of electron diffraction pat- 
terns, it is shown that at the melting point the short-range order in 
tin remains substantially the same as in the crystalline form. With 
increase in temperature, there is a tendency to close packing in 
molten tin. The problem of the separation of the non-coherent 
background from the total intensity curve is also discussed. 


1. The study of the structure of molten metals and alloys has been carried out up to the present time 
mainly by means of x-ray analysis. It may,however, be useful to employ for this purpose the electron diffrac- 
tion method, which has certain advantages over the x-ray method. The production of x-ray diagrams of liquid 
substances (if monochromatic radiation is used) takes several tens and sometimes hundreds of hours, and it is 
also necessary to make a continuous exposure and maintain the specimen at a definite temperature, whereas 
the electron diffraction pattern can be observed on the screen, and therefore an exposure of a few seconds 
only is required for fixing it on a photographic plate. It is thus easy to follow the transformations occurring 
in metals and alloys with variation in temperature and to study the kinetics of crystallization, the change in 
structure in the liquid and solid states, etc. The possibility of obtaining electron diffraction patterns from mol- 
ten metal films was pointed out in reference [1]. The present paper gives the results of a study of the structure 
of molten tin at two temperatures. 


The electron diffraction patterns were photographed in a high-temperature electron diffraction camera 
[1]. Photographs were made of free, thin (2— 3-10~° cm) films, prepared by a method developed previously 


[2]. 


2. When the films of tin were heated, the change in the diffraction pattern with increase in temperature 
was Clearly visible on the screen, At a temperature close to the melting point, slight diffusion of the diffrac- 
tion lines commences and the relative intensity of the far lines diminishes. With further increase in tempera- 
ture, disappearance of the far lines is observed and at the melting point only a few diffuse rings are left in 
the small angle region. If the molten film is superheated (by several tens of degrees), the appearance of the 
diffraction pattern changes and one or two diffuse rings remain, 


Two photographs of molten tin were obtained — one.at t = 235°C and the other at a temperature approxi- 
mately 70 °C above the melting point. Figure 1 shows the microphotometer curves of these electron diffrac- 
tion patterns. The first curve, corresponding to the pattern obtained from the specimen heated to the melting 
point, shows two clearly defined maxima and two fainter ones. Curve 2 has two relatively intense and strongly 
diffuse maxima, In addition, between them at the point corresponding approximately to the second maximum 
of curve 1, a slight increase in intensity can be seen. 


The position of the diffraction maxima is shown in Table 1. The table also shows the corresponding 
values obtained in an x-ray diffraction analysis of molten tin, taken from references [3 and 4], and the posi- 
tion of the lines on electron diffraction patterns of polycrystalline specimens of tin. The table shows that the 


*Student V. A. Sivochub assisted in the evaluation of the electron diffraction patterns. 
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position of the intensity maxima on electron diffraction patterns of molten tin coincide. with the mean position 


of part of the lines on the photographs from polycrystalline tin, which on the whole is in agreement with the 
results of reference [4]. 


TABLE 1 

Position of max sin 9a 

Temperature ,°C j 5 3 : 
20 (cryst. phase) 0.172 0.24 0.3 0.34 
0.176 R25 
235(curve 1, Fig. OL 0,24 0.3 0.34 
vl 

300 cae 2, Fig. 0.17 0.24 0.31 
250 [3] 0.174 = — 0.355 0.49 
390 0.175 — 0.330 0.50 
Melting point [4] 0.17 0.24 i 0.34 


The considerable difference between our data on the position of the interference maxima and the data 
of reference [3] is possibly due to the fact that in reference [3] the investigation was made at different tem- 
peratures (see Table 1). 


3. Curves of the radial distribution of the atoms were computed from the data of the electron diffraction 
diagrams. In this calculation, use was made of the formula 


4n.R?o(R) = 4c Ro, + 


=a sJ,,(s)sin sRds, (1) 


0 


used in x-ray studies of the structure of monatomic liquids. Here p(R) is a function of atomic density, p 9 the 
mean density of the atoms, 


J(s) 


In(8) = ype 


wey 
(2) 


4nsin 9 
= niger estat ’ 


f? an atomic factor, which in the case of electron scattering is expressed by 


(2—Ip) 


st 


p= 
where Z is the order number of the element, and fp is the atomic amplitude of X-ray scattering. 


J(s) in Formula (2) represents the intensity of coherent scattering. The values of Jexp, which we can 
determine from the blackening values after microphotometric measurement of the electron diffraction patterns, 
represents the sum of the intensities of coherent and noncoherent scattering, i.e. 


Jexp = Jdepend. coh. 4 Jindep. coh. +! non-coh. (3) 


To perform the calculation, the noncoherent background must be deducted from the experimental curve, 
and this presents some difficulty for the case of electron scattering. 
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We shall discuss this problem in more detail. 


In reference [5], in calculating the electron diffraction patterns of amorphous antimony for determining 
the experimental electron scattering curve, the so-called method of blackening curves was used, This com- 
prises obtaining several short exposure photographs from one film with constant intensity of the electron beam. 
All the photographs are then measured photometrically, and the blackening at a series of points for each expo- 
sure is found from the resulting curves. The relative intensities at points on the photometric curves for different 

values of sin 9/X are then determined from the black- 
ening curves; these intensity values are then used for 


J constructing an intensity curve, which is subjected to 
70 further evaluation. 
60 The authors ignored the correction for the non- 
50 coherent background, and used the curve obtained as 
a curve of coherent scattering. As will be seen from 
ee the reference cited, such a method of finding the J(s) 
30 curve gives satisfactory results and may be used success - 
fully, but is very cumbersome. It is not very acceptable, 
fs : particularly in the study of molten substances, since 
0 02 03 a4. 05 Tn considerable difficulties are involved in making a 
series of photographs at different exposures under the 
Fig. 1. Photometric curves of electron diffraction same conditions. 
diagrams from molten tin: 1) for t= 235°C, 2 cages 
for a 300°C ) ) We used several methods for finding the curve of 


coherent scattering. In all these methods, the elec- 
tron diffraction patterns were photographed with expo- 
sures giving a linear relationship between blackening and intensity, this being confirmed specially by experi- 
ments on electron diffraction patterns from polycrystalline specimens. Therefore, after the microphotometer 
measurements, the experimental intensity curves were obtained (on a corresponding scale), We proceeded further 
as follows. 


1) Due to the fact that the presence of only a short-range order is inherent in the liquid state, well-pro- 
nounced diffraction maxima are observed on electron diffraction patterns only at small angles. The intensity 
of the electron rays scattered by the liquid at large angles $, where interference maxima are already poorly 
distinguished, ought to tend to a mean intensity, corresponding entirely to the disordered arrangement of the 
particles. Starting from this, we may write 


(4) 


where J, andJ, are the intensities at two adjacent points taken from the experimental curve at large angles, 
where interference maxima do not apbean, Jx is the noncoherent background; Jexp — Jx represents the value 


of the independent coherent scattering; f? and fg are atomic factors of electron scattering corresponding to 
sin 9 
appropriate values of ore 


sin 9 


Thus, the value of the noncoherent scattering at the selected point was found from (4), Deducting 


J from the experimental value of the intensity at that point, we obtain the intensity of the independent coher- 

ent scattering, Jindep. coh, 4t the given point. By means of Jindep. coh, Obtained for one value of 

sin 9 
r 

a series of corresponding values of f”. Further, the so-called dependent coherent scattering, to which the appear- 

ance of interference maxima is due, was calculated, For this purpose, a smooth background line was drawn be- 

neath the maxima of the experimental curve. The height of the maximum at each point reckoned in units of 


, the independent coherent scattering for all the other points was obtained by multiplying Jindep. coh.Py 
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the scale from the line drawn gives the value of the dependent coherent scattering at the corresponding point. 


By adding the dependent and independent coherent scattering together for each value of s , we obtain the curve 
of total coherent scattering J(s). 


2) An experimental method was also used for separating the noncoherent background. This consisted in 
obtaining in the same conditions electron diffraction patterns from molten films and from films obtained by 
rapid cooling from the melting point to room temperature. The latter were found to be single crystal films [1]. 
The curve of the noncoherent background was also obtained from them. 


Js 
’s 35 
20 50 tf? 
ral 
19 
20 
10 9 
10 
5 
5 
Cee I A ee ons, hettee VOM os 5 Ser bas' 
Fig. 2, Intensity curve for molten tin at 235°C. Fig. 3. Intensity curve for molten tin at 300°C. 


3) Noncoherent scattering was also found directly from the curve obtained by microphotometer measure- 
ment of the electron diffraction patterns from molten tin by means of the relationship 


wots Pa sis 
Jnon-coh. S/st  ” 


where S is a function of the noncoherent background [6]. By means of this formula, the intensity of noncoherent 
scattering can be calculated for a point where there are no interference maxima, and then using the calculated 
relation[6] S/Zasa function of the quantity v = [s°0.176] -z "A or the relations used in the X-ray examination 
of liquids [3], the curve of noncoherent scattering is obtained in the entire range of angles. 


47 k%y(R) 


10 

8 

6 

a 

2 
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Fig. 4. Function of radial distribution for tin at Fig. 5. Function of radial distribution for tin at 300°C 
235°C 


Satisfactory results in the calculation of the noncoherent background were obtained by means of the sec- 
ond and third methods. The first method can also be used, but it sometimes leads to considerable errors. 
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4) The J(s) curves obtained after deducting noncoherent scattering from the experimental curves are 
shown in Figs. 2 and 3. These figures also show the form of the curve of atomic scattering f°. 


To obtain J (3) [see Formula (2)], J(s) was normalized according to Nf. Integration was performed graphi- 
cally, R being taken from 1 to 7.5 A by steps of 0.25 A. 


Figures 4 and 5 show the function of radial distribution, calculated for molten tin. The curves of mean 
atomic density have been drawn in. The figures clearly show that the structure of molten tin changes consider- 
ably with increase in temperature, On the curve of Fig. 4, constructed for molten tin at the melting point, 
three maxima are clearly to be seen, whereas on the curve of Fig. 5 corresponding to tin at 300°C, there is one 
diffuse maximum. The mean number of nearest neighbors round a given fixed atom was determined from the 
areas below the maxima of the curve 4m R’p (R). 


TABLE 2 
1st coord. sphere 2nd_ coord. sphere}! 3rd coord, sphere _ 
i ber 
Temperature, C BA nes Rin A} Du ber | p44 A pba e 
particles particles particles 
20 (crystalline | 3.05 4 3.78 4 4.42 8 
235 3.4 7 3.99 6 4.75 8 
300 Bist ES 
25O\ 3.38 10 
390f [3] 3.36 8,9 


Table 2 gives the qualitative data obtained by us for the structure of molten tin. It also gives the num- 
ber of particles in the nearest coordination spheres for crystalline and molten tin taken from reference [3]. 


5) The data of Table 2 show that the same order in the arrangement of the particles exists in molten tin 
as in crystalline tin. 


This order remains not only at the closest distances but at more remote distances. The difference is that 
in tin, even at the melting point, there occurs some redistribution of the particles and a slight increase in the 
distance between them, At 300°C short-range order only is observed in tin with a quantity of particles corres- 
ponding to very close packing. 


If our results are compared with data obtained in x-ray studies [3] (see Table 2), it may be concluded 
that the structure of molten tin varies as follows with increase in temperature; at the melting point, the struc- 
ture is close to that of (white) tin in the solid state; with increase in temperature, the arrangement of the atoms 
tends to very close packing (which is reached at t ~ 300°C); on further increase in temperature, the distribution 
density again diminishes. 


In conclusion, the author wishes to express his gratitude to Prof. B. Ia. Pines for reading the text and for 
valuable advice in the course of the work.. 
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DETERMINATION OF THE RADIAL-DISTRIBUTION FUNCTION 
FOR ATOMS IN A LIQUID METALLIC ALLOY FROM 
ELECTRON-DIFFRACTION DATA 


A. I. Bublik and A. G. Buntar' 


1. In refernces [1] and [2] were described the results of an electron-diffraction study of the structure of 
liquid Sn, Al and Bi at various temperatures, It was shown that at the melting point the arrangement of the 
atoms in molten tin, aluminum and bismuth is essentially the same as that in the crystalline state of these 
metals, Moreover the arrangement of atoms appears to be identical not only in the first coordination sphere, 
but also at greater distances. With rise of temperature of the liquid metals, a change of structure is observed 
at a few tens of degrees above the melting point: in Al a decrease takes place in the number of particles in 
the first coordination sphere, while in Sn and Bi the arrangement of the atoms approximates to close packing. 
On further rise in temperature the density of the arrangement of atoms decreases again and at considerable 
superheat it approximates to the mean density. 


These data were obtained from an analysis of the curves for the radial distribution of the atoms. In cal- 
culating the curves use was made of the formula 


co 


2R I : 
4z Ro (R) = 4x Ro, + = \ s ( aus — 1) sinsRds, (1) 
0 


which is used in the x-ray study of monatomic liquids and amorphous solids. In our case, in place of the X-ray 
atomic factor F? we substituted in the formula the atomic factor for electron scattering 


Z—F\2 
2 
p= (Gey, (2) 
where Z is the atomic number of the element and 
re 4n sin 
x m 


If a molecular material consisting of various kinds of atoms or molecules is being studied, the calcula- 
tion becomes more complicated. By considering the distribution of electrons instead of the distribution of 
atoms and by introducing the "mean scattering function" for x-rays by a single electron in the molecule, fe, 
determined by the relationship 
Lge 
1 Al (3) 


m 


joao 


iM 


where Fy, is the atomic scattering amplitude for x-rays by an atom of the kind mand Zmis the number of elec- 
trons in an atom of m, the authors of reference [3] obtained the formula 


Dd Frdt Om (R) = SV kndn Roy + = si(s) sin sRds. 


0 
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; s)— DF? 
Here i (s) = sey Selaieac. Ki = 777 is the effective number of scattering electrons in an atom of mand 


I' (s) is the experimetel value of the eee Equation (4) is widely used nowadays in x-ray studies of the 
structure of liquid molecular compounds, aqueous solutions, etc. [4, 5). 


As regards the electron-diffraction study of liquids, so far as we know the evaluation of an electron-dif- 
fraction photograph from a liquid alloy has not hitherto been carried out. 


In the present paper a relationship is discovered, analogous to Equation (4), for the case of electron scat- 
tering, which is applicable to the construction of the radial-distribution curve for atoms in a liquid metallic 
alloy from electron-diffraction data. 


2. Let us consider the scattering of electrons in a liquid alloy of any composition, consisting of atoms of 
several kinds. If fp is the atomic amplitude of electron scattering by an atom of p, then the relative intensity 
of scattering, as in the case of x-rays, can be written 


I(s)= 2 fot SDs foe ee (5) 


Pg 


I 


La 
where fp = rate 5 


We shall take into consideration a certain quantity y, determined from the relationship 


oe 
is 


(6) 


where Zy is the atomic number of the atom p. Summation here is carried out with respect to all atoms of the 
scattering volume. The quantity ¢ represents a certain mean scattering capacity of the system proton-electron 
(imaginary scattering particles) in the alloy under consideration. 


The ratio 
; f 
kb=— 
ce (7) 


will represent the "effective" number of imaginary scattering centers contained in an atom of p, Averaging 
this quantity with respect to all angles, we obtain the mean "effective" number of imaginary particles kp. 


In this case the binary sum (5) for the relative intensity of electron scattering by an alloy containing 
atoms of several kinds can be written as follows: 


sins - si 
A= 9 Di ky [34 nsry, et ee sin sr, = a = Din (8) 


Since in a liquid the atoms may be situated at any distances, the summation must be replaced by integration 
with respect tor. For this purpose el shall introduce the radial-distribution function for atoms py, (r), deter- 
mined as usual by the condition; 4 mr fp (r)dr atoms of the m kind occur at a distance between r and r+ dr 
from the given atom, 


Then a . 
=a ye [é n\ 19a (7) ka Gp ar 
P 


0 


sr 


L L : 
at 4x 2 a (r) ky sin sr iy ACER 4+ Ar \ ro, (r) eee . (9) 


0 0 
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Here P,(t)km = Pp (t) represents the density of imaginary particles of the mkind. 


After carrying out the corresponding transformations in Formula (9), we obtain the following expression 
for the intensity of scattering of electron waves by a liquid alloy: 


co 


4nr?k ay [P a\(7) — Poall sine dr, (10) 


I (s) = Ig(s) + 4 (s) + No? 


ous 


where 
Kay = Caka + Coky +-+++- + Crk; 
Pal (7) = pa (7) + py (7) +++ ++ pn(7) 
Po al= Poa + Pod ++ +++ Pon 


Ie(s)= DR =CaNA AGN +e CIN, 
Pp 


Cm is the atomic concentration. of the components in the alloy, N is the total number of atoms in the scatter- 


fd 
ing volume, l= \ Arr*po a) mS dr is the so-called “zero” scattering (i.e., the scattering which 
0 


depends on the size and shape of the specimen), which differs significantly from zero only at small scattering 
angles. It is possible to make an approximate allowance for it by extrapolating the experimental intensity 
curve to zero [6]. Equation (10) can be rewritten as 


. I(s)— Io) In) in sr 
i(S) = ner aha = \ 4nr*k a) [Pay (7) — Poall a dr. 
t) 
Applying the theorem of the Fourier integral, we obtain 
bos) 
Arr?kajpaq (7) = 4tr7kg} 094) + Ess \ si (s) sin (sr) ds. (11) 


0 


3. We have used Formula (11) to calculate the curve for the radial distribution of atoms in a liquid (at 
520°C) Al— Sn alloy (60% Al and 40% Sn). The calculation was made based on an electron-diffraction 
photograph taken from an unsupported liquid film of the alloy, 3 x 10° cm thick, obtained by evaporation 
and condensation of the metals in vacuo, Melting was carried out in the electron-diffraction camera itself 
[7]. The concentration of the components in the alloy was calculated from weighing data [8]. 


The electron-diffraction photograph was photometered on a MF-2 microphotometer, and from the black= 
ening values an experimental intensity curve was constructed from which the incoherent scattering was then 
calculated by means of the ratios; 


Tine me Sis ding Os ! cob = =p 


— — 


ror ER + Sit’ tech Sf Stor B+ S/st” 


Here S is the inelastic electron scattering function [9]. 


For the alloy we used: S = CajSaq + CgpSgp, Where Cay and Coy are the atomic concentrations of the 
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components; a fp=Caifa + Canton (the atomic scattering factor for electrons by the alloy). 


The coherent scattering curve obtained in this way was combined with the curve for the atomic factor of 
the alloy and the following function calculated: 


: yes) aaa I’ (s)/N— (Cay fay + Cgn'fén) 
U (s) Tat N@ = SAE igesae itis aor sans ; 


After integrating, which was carried out with the help of special tables (strips), the radial-distribution curve 
shown in Fig. 1 was obtained. There is a clearly defined maximum at R, = 2.7 A and two superimposed maxima 
in the region 3-4 A, The position of the first maximum agrees well with the value for the smallest distance 
between the atoms in liquid aluminum [2], while the position of one of the two superimposed maxima (Ry = 

3.4 A) corresponds to the most probable distance between atoms in liquid tin [1]. The third peak on the radial- 
distribution curve occupies an intermediate position between the first two, its value R = 3.05 A being equal to 
the arithmetic mean of R, and Rg. Hence it is natural to assume that it corresponds to the distances between 

the unlike (Al-Sn) atoms in the liquid alloy. 


Under the radial-distribution curve are shown the separate areas corresponding to all three maxima and 
from these the number of nearest neighbors has been calculated. The area under the maximum is determined 
by means of an expression of the form Sjj = 2Cjkjkjn;; and from that the number of neighbors is found from the 
relationships: 


S 
1) AL—AL my = 3) Sit Sn) re sapere 
AIS Al DRO Ce 
S. 
2) Al—Sn my. = =—* .— 4) Su eAl lnpie Sg 
) aL ae ) mh arksnCsn 


TABLE 


Alloy |of | |Type of See 
et alloy neighbors 
Al— Sn 4 Al—Al | 2.70 10.0 
(60% Al) 2 Sn—Sn | 3.40 6.2 
3{ 3’| Al—Sn | 3.05 1.0 
3” | Sn—Al | 3.05 |1.5—1.6 


In our case kc, and ka, proved to be 45.0 and 
16.35, respectively. 


From the calculation it was established that on 
the average there are (see the table) 10.0 Al atoms and 
1.0 Sn atoms per aluminum atom and 6,2 Sn and 1.5 
Al atoms per tin atom. 


From the data presented above it follows that 
complete mixing of the atoms is not observed in liquid 
Al-— Sn films at the melting point. The presence on 
the radial-distribution curve of large maxima at distances corresponding to the most probable distances in pure 
liquid aluminum and tin indicates that in the liquid alloy studied there are regions where the atoms of each 
component are surrounded by neighbors of the same kind, 
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ELECTRON DIFFRACTION STUDY OF AMORPHOUS ANTIMONY SULFIDE 


L. I. Tatarinova 


The method of integral analysis has been applied to the study of 
the semiconductor compound Sb2S3. The curve of experimental intensity 
has been normalized by comparison of the areas I(s) - s* and = Cs) “g*, 
The function of scattering of the lighter atom, i.e., the sulfur atom, has 
been selected as unit function; the relative weights K; of the atoms in the 
investigated compound have been determined. The following interatomic 
distances have been found from the radial distribution curve; r = 2.33 A, 
tp = 3.42 A,r3 ~ 4.0 A. It has been established that there are 5.7 sulfur 
atoms around an antimony atom and 3.8 antimony atoms around a sulfur 
atom, which provides a basis for the supposition that the atoms in the 
amorphous phase of SbyS3 tend to an arrangement in the form of a closed- 
packed structure. 


1. In the x-ray and electron diffraction study of amorphous substances, use is made of the method of the 
integral analysis of the experimental intensity curve obtained from x-ray or electron diffraction patterns. As a 
result of the analysis, the curve of radial distribution of the atoms is obtained according to the equation 


4nr*u(r) = 4nr’uy + { si(s) sin srds, (1) 
0 


where u (r) is a function of the atom density, determined from the condition that for normalization of the ex- 
perimental intensity curve and consequently of i (s), 4m r’u(r) is the mean number of atoms in a spherical 
layer at a distance from r tor + dr from any selected atom; ug is the mean number of atoms in unit volume, 
s = (4msin 9)/\, i(s) = (lexp — f?)/f® are quantities determined from the experimental intensity curve; f is 

a function of the atomic scattering of the electrons, 


The maxima of curve (1) correspond to the existence of a short-range order in the amorphous substance; 
from them are determined the interatomic distances and the number of nearest neighbors round any given atom. 
If the substance investigated consists of identical atoms, the area below the peaks of curve (1), after the above- 
mentioned normalization, gives the number of neighbors directly. If, however, the substance contains more 
than one sort of atoms, in x-ray analysis a certain mean function of the distance to one electron is introduced; 


Te = > fy Zim, 


m m 


by means of which the scattering function fp, of each atom is determined as 


Vis == 1 GN 
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Ky, being the effective number of electrons in the atom, a magnitude which is constant for the given atom. 


Expression (1) assumes the form 


nL Mm 


Anr® »y Tle PY Sarg » Kipeek =_{ si(s) sin sr ds, (2) 
0 


where 


i (s) = ——-—. (3) 


In x-ray analysis I¢xp after normalization is expressed in electron units. In the case of complex com- 
pounds, the areas below thé maxima have to be interpreted as twice the product of the numbers of electrons of 
those atoms which are connected to each other by the given distance r. 


In electron diffraction analysis, integral analysis has been used so far only for the study of substances con- 
sisting of the same atoms [1, 2]. In this case, the experimental intensity curve is normalized for one atom 
according to the curve of the atomic factor f?, The maxima of curve (1) are interpreted,as in x-ray analysis, 
as the number of neighbors surrounding any selected atom. 


B. K. Vainshtein [3], discussing the theory of the radial distribution method, shows that it is possible to 
employ integral analysis for the electron diffraction study of amorphous substances containing different kinds 
of atoms; he examines the significance of the subtraction of a le in Formula (3) as well as the division by the 
unit curve f. The former eliminates the peak at the origin, aaalonci to that in Patterson's function in the 
examination of crystalline substances. Division by the unit curve if is analogous to the elimination of the trough 
in the I (s) curve. 


In x-ray analysis, the unit selected is the scattering of the x-rays by an electron, in accordance with which 
the units are termed electronic units. Such a choice, however, is not obligatory, especially since the values of 
Kj are not integral values in electronic units. The relative values of Kj of the scattering powers of the atoms 
are alone important. As unit function, therefore, it is possible to select the eee scattering function of any 
atom forming part of the substance investigated, for example, the lightest (fF ).B. K. Vainshtein [ 4] shows that 
the calculation of the K; values should take into account the values of ff in _ entire volume of the reciprocal 
space, which leads to the formula 


thioed: 1 2upOe x 
(PO gde SIE E cana. (4) 


integration being replaced by summation. In performing the calculation, the values of the atomic factors are 
taken within the experimentally determined limits (sin #)/A ors. 


A more general form of the dependence of Kj upon the atomic number may be found. In the above- 
mentioned reference [ 4] it is shown that in x-ray and electron diffraction analysis, the integrals in (4) are pro- 
portionalto Z , where Z is the atomic number: 


Ox-ray= 2.06, % y= 1,50. (5) 


By determining K; with respect to the lightest atom "J ,* we find from (4) and (5) that 


Kx-ray = (4:4); Kigy = (Zi/Zq)?. -. 
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: The unit curve f2 is naturally determined as the sum f%, of the curves of all the atoms divided by the sum 
of Kin 


Dyce 


Expression (3) for the calculation of i(s) finally assumes the form 


Here I, are the normalized values of the experimental intensity. 


In x-ray work, the method ‘adopted for normalizing the experimental intensity curve according to the 
atomic factor curve is to superimpose both curves for large values of (sin #)/X ors. The disadvantage of such 
a method of normalizing is the large error in determining the values of both curves in this region of s. The 
above - er baie [4] proposes the method of normalizing by equating the areas below the curves 
Py a (s)+s? and I eos): s?, This method of normalizing does not suffer from the above-mentioned disadvantage. 
it is is merely necessary to wearer to cover, as far as possible, large values of SA 


\ 


Fig. 1. Microphotometric curves from electron diffraction patterns of Sb2S3. 
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3. The electron diffraction study of amorphous substances is confined to the investigation of molecules 
in vapors or gases, and is principally carried out either by a method of trial and error or by the radial distribu- 


tion method of Pauling and Brockway [5]. 
Direct methods of investigation are limited to a study of simple substances (one sort of atoms) or are de- 


veloped on the basis of the use of a rotating sector. A method will now be described for evaluating an electron 
diffraction pattern obtained in an electron diffraction camera under normal conditions. 


The compound SbyS, was selected for the investigation, The atomic numbers are: Zp = 51, Zg = 16. 
Amorphous films of SbyS3 were produced on a celluloid support by sublimation in a vacuum. 


Six short-exposure electron diffraction patterns of the films were obtained. The electron diffraction pat- 
terns were measured by means of an MF-4 microphotometer (Fig. 1). The blackening curves were then con- 
structed and from them the experimental intensity curve was constructed in the usual way. 
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Fig. 2, Normalizing the experimental intensity 


curve. : 
Fig. 3. Experimental intensity curve for amorphous 


‘ antimony sulfide. 
Incoherent scattering was neglected for the 


following reasons. The function of incoherent 

scattering S has been calculated by Bewilogua [6] as dependent upon the universal constant v = ksb, where 

k = 27/A,s = 2 sin}, 2 = scattering angle, b = 0.176/Z%, the radius of incoherent scattering of an atom with 
the atomic number Z, the values of S being given not from zero but from v = 0.05. Calculation shows that for 
(sin $)/A = 0.1 and 0.2, the constant v_ has a value less than 0.05, for which the function S is unknown. For 
(sin$)/A = 0.3 and above, the incoherent scattering s/s4 has such a small value that it obviously cannot appreci- 
ably affect the final results. 


According to the foregoing, normalization of the experimental intensity curve was carried out by com- 
paring the two areas (Fig. 2). ( ey was taken over two atoms of Sb and 3 of S.) The normalized factor was 
equal to 13.68, The experimental intensity curve is shown in Fig. 3. 


As unit, we took the scattering by an atom of sulfur, i.e., we assumed the weight of a sulfur atom to be 
1. The weight of an atom of antimony obtained from the value of the ratio of the atomic factors of Sb and S 
for (sin 8)/A = 0.9 according to Formula (4) was then equal to 2.43. (According to the general formula (6) we 
would have obtained 2,38.) 


Thos Kei ly Key tee 


> HK, = 3-1? + 2-2.43? = 14.8, 


ee nee 


he ee ae 
Ute an Ome? 
>; K3. 14.8 
m 
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Having determined the value of i(s), we found the curve of si(s) (Fig. 4). 


The calculation of the integral in Formula (2) was performed by an algebraic method [2] by summation 
of a large number of terms through equal intervals of the regions utilized. 


The first term on the right-hand side of Equation (2) was calculated with the use of the value for the 
density of crystalline antimonite d = 4.64 g/cc: 


d 4 
Uo = Fp, = 0.00828 pa Km 5," 


Since we are seeking the number of atoms of the assumed weight in unit volume, the factor is here 


1 2 
>) Kn. Consequently, in the first term of Equation (2), containing ug, this factor is squared; ye K. m) ‘ 
™ ™m 


M is the molecular weight of SbyS,, mp = 1.65°10°% g, the weight of an atom of hydrogen, 


(> Km) = (2K sp + 3Ks)? & 62, 


nr, >) Km = 45r*-0.00828 (>) Ky)" = 6.45 7°. 


The curve of radial distribution obtained in the manner described (Fig. 5) comprises two isolated maxima. 
The first corresponds to the interatomic distance ry = 2.33 A. The second maximum is asymmetrical indicat- 
ing the presence of two maxima in thispeak. Having resolved them according to the rules of geometrical analy- 
sis (which is to some extent arbitrary), two distances rg = 3.42 A and rg~ 4.0 A can be detected, The atomic 
radii of sulfur and antimony are; S— 1.04; Sb— 1.34, 1.56 and 1.61. according to the coordination. It is clear 
that the distance 2.33 A is the distance between atoms of different kinds, 


In interpreting the maxima of the radial distribution curve, the number Mgp of neighbors of sort b round 
an atom offsort a in the corresponding coordination sphere is determined by the area below the peak 4mnruap ° 
*(r — rap) in some limits r', r”: 


Wee \ Array (? — ray) dr/2ngK aK, = S/2ngK aK». (1) 


r 


Heren, is the number of atoms of sort a in the chemical formula of the investigated compound; S is the area 
below the corresponding peak. Both the distance from atom a to atom b and the distance from atom b to atom 
a are reflected in each peak; 2 therefore appears in the denominator. 


Since, by reason of stoichiometry, 
Mapla = MpaNp, (8) 


it is easy to find mpg also from (7). 
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Fig. 4. Curve of si(s). 


The area below the first peak of the radial 
distribution curve S, = 55.3. To determine the 
number of sulfur atoms round an antimony atom, 


we have 


‘ Fig. 5. Curve of radial distribution of amorphous Sb,Sg. 
Nsp = Ps ns = 3, 


Ksp = Dike: Kg r= 4. 


According to (7), we have 
Msgps = 00 0.3/2 2-2.43:- | Dee—ia  /f 


i.e., there are about 6 sulfur atoms round one antimony atom. In exactly the same way, we find from (7) or 


(8) 


cab 


Msp DOO a aad os Bigs on 


a 


Consequently, each sulfur atom is surrounded by about 4 antimony atoms. 


We have dealt specifically with the question as to the accuracy of the results obtained. In some x-ray 
studies, it was found that, depending upon the method of normalizing the experimental intensity curve for 
different values of (sin $)/A, the position of the first maximum on the radial distribution curves does not vary 
by more than 1— "4 % and the area below it by 10%. In the present investigation, using the normalization 
method described, this source of error is eliminated. The intensities were measured with an accuracy of not 
less than 5%. 


In crystalline antimonite [7], each of the two Sb atoms is surrounded by three S atoms, forming in one 
case an equilateral triangle and in the other an approximately equilateral triangle. The closest distances 
Sb — S are; 2.33, 2.50, 2.52, 2.67 A. If we also add the distances to the more remote atoms; 2.84, 3.15, 3.16, 
3.38, 3.60 A, we obtain a coordination number 7. The structure of the crystalline phase is made up of columns 
of octahedra connected in tetrad chains with columns of polyhedra having the coordination number 7 [8]. 


Thus, the coordination in amorphous antimony sulfide is different from that in the crystalline sulfide. 
It should be pointed out that a number of compounds of the type AgB, (for example Sb,S3) are constructed on 
a close placking basis and have coordination numbers 6 and 4. It is also known that for some metals, such as 
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for example Hg, Sn, Zn, close packing is characteristic in the liquid state. This suggests that,similarly, the 
atoms of amorphous Sb,S, tend to a close packing. 


In the ideal closest packing of sulfur atoms, the antimony atoms being accommodated in 2/3 of the octa- 
hedral cavities, each Sb atom would be surrounded by 6 sulfur atoms. The structure of the amorphous phase is, 
however, loose. In agreement with this, in the first coordination group, the Sb atom is surrounded not by 6 S 
atoms, but by less, namely 5.7. In the case of closest packing, the Sb atom would be at the center of an octa- 
hedron at a distance of 2.33 A from the S atoms; in such a case, the side of the octahedron ought to be equal 
to 2.33 V2 = 3.30 A. The second distance obtained from the radial distribution curve, 3.42 A, is close to this 
value and confirms the accuracy of the model in the form of a loose close packing; the increase in this dis- 
tance compared with the distance in close packing may be understood if it is borne in mind that 5.7 neighbors 
around a given atom are, on the average, situated further apart than 6 neighbors, i.e., in simple language, the 
closeness of packing diminishes with decrease in the coordination number. 


All possible combinations of distances between the atoms of the substance investigated may be represented 
in the second peak, namely: 1) Sb— Sb, 2)S—S, 3) Sb-—S. Each of these distances contributes to the size of 
the area below the peak; 


1) 2n,-2.43?-2 = 23.6n,, 
2) alg Ao e=-O. Ola, 
3) 21ng-2.43-1 = 4.8605. 


The area below the second peak of the radial distribution curve is approximately equal to 100; the total 
area below the second and third maxima is equal to 159.2. It is possible to select different combinations of 
the distances written above which satisfy experiment (numerically). For example, four distances Sb — Sb and 
one S — S, three Sb — Sb and three S — S; two Sb —Sb, eight S— S and one Sb— S, etc. A number of these com- 
binations may be at once eliminated as being incompatible with the proposed grouping of the atoms in the 
amorphous phase. 


In the case of close packing, like atoms only can be located in the 2nd coordination sphere. Considera- 
tion of cubic and hexagonal close packing shows that cubic packing is less appropriate in the case of Sb2S3. 


In hexagonal very close packing, at a distance of 3.30A, there would be twelve sulfur atoms around one 
sulfur atom and six antimony atoms around one antimony atom. In agreement with the formula SbgSzg, it will 
be necessary to take 2/3+6 = 4 of the latter atoms. For the area below the second maximum, calculation 


gives; 


22.437. 4.2 + 2-412-12-3 = 166.5. 


It is obvious that below the second and third peaks quite a collection of interatomic distances is represented, 
of which those of 3.42 and 4.0 A are most strongly in evidence. In close packing, with a distance between the 
spheres of 2.33 A, the atoms are at a distance of 2.33 V3 = 4.03 A from each other in the second coordination 
sphere. Carrying the analogy further with structures of the type A,X3, we find that the number of Sb — Sb dis- 
tances is 4 and the number of S — S distances is 12. The theoretical area below the 2nd and 3rd maxima of 


the radial distribution curve is; 
Se43 = 2-2,43?.4.2 +2.412.12-3 = 166.5. 


Experiment gives 159.2, This confirms once more the correctness of the assumption regarding the loose 
packing of the atoms in amorphous Sb,S3. 


In conclusion, I should like to express my gratitude to B. K. Vainshtein for constant assistance in the work 


and interest shown in it. 
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REFRACTOMETRIC DETERMINATION OF THE STRUCTURE 
OF COMPLEX COBALT COMPOUNDS 


S. S. Batsanov 


The geometric configurations and interatomic distances in 
complex compounds of trivalent cobalt are determined by the re- 
fractometric method. The values of coordinate refractions are 
used for quantitative characterization of the trans-interaction of 
the atoms. 


We have used the refractometric method in a number of previous works [1-6] for the determination of 
the atomic structure of complex platinum and cobalt compounds. The present work is devoted to a generaliza- 
tion of the results of an optical examination of cobalt compounds. 


For the determination of the geometric configuration of the complex, it is sufficient to compare the ex- 
perimentally measured refraction (refractive indices) with the theoretically calculated values for the different 
isomeric forms. The interatomic distances in the inner sphere of the complex compounds are calculated from 
the coordinate refractions. Thus, the measurement and calculation of the molecular refractions is the chief 
problem in optical determination of the structure of complex compounds. 


ANAND 5) Bl i 


Refractions of Cobalt Nitroammines 


Compound | M | ave | Res | Re 
[Co (NHy).] Cl, 267.50 | 4,712 1.654 57 .06 
[Co (NH,)e] (NOs)s 347.50 | 1.807 1.569 63.00 
(Co (NII,), (NOz)2) Cl- cis 254.54 | 1.903 4.665* | 49.67 
{Co(NH,), (NOz)2] NQ,- cis 281,09 | 1.940 1.640 Seow 
{Co (NH,), (NOz)z] Cl. trans 254.54 | 4.875 1.663 50.29 
{Co (NH), (NOz)2] NO,-trans 281.09 | 1.948 1.654 52.89 
Co (NH,)s (NOz)s 248.07. | 2.024 1.704 47.42 
K [Co (N Hy)2 (NO2)] 316.43 | 2.423 41.660 54.97 
NH, [Co (N Hs)2 (NOz)«] 295.07 | 1.970 1.677 56.44 
K, [Co (NOz).) 452.28 | 2.434 1.656 68.35 
DTH,)3 [Co (NOz)6] 389.44 | 1.965 1.677 74.57 


*Refined values of refractive indices in yellow light equal ng — 1.740, ny, — 1.719, n 


Dp 1.690. 
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In Table 1 are given the results of extrapolations of refractive indices measured by the author earlier [7] 
(at different wave lengths) and the densities of ni mea mon un) compounds of trivalent cobalt. The extrapola- 
tion of refractive indices was carried out strictly according to the Wulf method [8], and averaging according 
to the formula 


3 
n= Vy Ninth gs 


Moreover, we have synthesized and examined a series of chloroammonium compounds of trivalent cobalt. 
In Table 2 and 3 are given the experimental data on these substances. The densities and refractive indices 
(in yellow light) being measured for the first time are marked by an asterisk. Extrapolation to = o was ef- 
fected here also by the Wulf method [8]. 


WARS Eee 


Dispersion of Refractive Indices of Cobalt Chlorammines 


Gc ound os 
om nh 
‘ "| 486 | 520 | 555 | 589 | 620 | 66 | 
WN Gh ene) |i ale tAe. [Pal aefiltes |] al e/a 4.706 | 1,701 | 1.660 
{Co(NH,)sCl] Cle Nm | 1.724 | 1.714 | 1.706 |1.699 | 1.694 | 1.689] 1.648 
Ny | 1.712 | 1.701 | 1.693 | 1.686 | 1.681 | 1.676] 1.636 
URS Re Ne | A679 |) 1.670 [5 1.662" | 1.650" 4 6519) 4-647 613 
Ee aE tm | 1.555 | 1.549 | 4.544 14.540*] 4.537 | 1.534] 4.543 
Ny | 14.856 | 1.844 | 1.833 |4.825*| 1.848 | 1.842] 4.753 
[Co (NH,), Clz} Cl-H20 trans Mal AG7 551 | TAS WARTS 45142726" | 4728 40716) | 46674 
Ny | 4.691 | 1.684 | 1.674 |1.667*| 1.663 | 1.659] 41.625 
Pe NA TS5 EA Te |PARTGOMIART OTe: decode | ATA ToerO8 
[Co (NII;), Clz] NO, 17,0 trans NMeneltole Ae TOoU 47308 FE 722" |s ae ie eh 4-670 
Ue chal ll alates) || al aaitO) [loathe || alte) || a) sistal| a) cay? 


The molecular refractions being known, it is possible to calculate the coordinate refractions [9] of the 
complex compounds of trivalent cobalt. For this, it is necessary to subtract the ionic refractions of Cl” or NO; 
[6] from the molecular refraction and to distribute the remainder according to the geometric coordinates of 
the complex. In the case of a heterogeneous complex, for example [Co(NH3)sClJ “, for calculation of the re- 
fraction of the coordinate Cl — Co — NH; it is sufficient to subtract twice the refraction of the coordinate NH3 — 
Co — NHg from the refraction of the complex ion. 


In nitro- and nitrate-ammonium compounds the possibility of the formation of hydrogen bonds N—H-+- O 
must also be considered. It is known that hydrogen bonds with oxygen always form under suitable geometric 
conditions, i.e., at distances of the order 2.7-3.0 A with preservation of the usual valence angles [10]. Con- 
sidering the tetrahedral direction of the hydrogen bonds, formed by oxygen, and the tetrahedral structure of 
ammonia it can be assumed that each oxygen atom of the NO, group forms only one such bond with the ad- 
joining ammonia. Since each compound tends to yield the maximum number of hydrogen bonds [11], the 
remaining hydrogen atoms of the ammonia molecules will form bonds with the oxygen atoms of the outer- 
sphere ions (each NO;- ion can form a maximum of 9 hydrogen bonds). The refraction of the hydrogen bond 
N —H.--- O with the NO,- group equals 0.12 cm* and with the NO3- ion — 0,045 cm [12]. In Table 4 are given 
the coordinate refractions calculated with correction for the maximum number of hydrogen bonds; the refrac- 
tion of the water of crystallization was equal to 3.42 cm® [12]. 


Vin'a previous work [3], devoted to the examination of cobalt compounds, the simplified graphic extrapola- 
tion method is used, 
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TABLE 3 


Refractions of Cobalt Chlorammines 


Compound M | cng | afb | ie 
Co (NH); Cl 250.47 | 1.799 1.647 50.62 
[Co (NIIy)s Cl] (NOs)s 303.57 | 4.731%-| 4.545 55.45 
[Co (NH,), Cle] Cl-H,0- trans 251.45 | 1.873* | 1.683 50.94 
(Co (NH) Clz) NO,-H,O- trans 278.00 | 1.880* | 4.634 52.68 


TABLE 4 


Determination of Geometric Configuration 


; o ro0) = 
Coordinate Initial compound R, |Reoord, Reoord, 
NO,~Co—NO2 K,Co (NOz). 68.35 20.53 20.953 
wena ed [Co (NH), (NO2)] Cl-cis A967) 15 et™ | 15220 
(Co (NEI,), (NOz)2] NO;-cis eee, 195.29 
ot Cages [Co (NI1,)4} Cl, 57.06 | 10.73 | 10.67 
[Co (NH3)6] (NOz)s 63.00 10.60 
Kea {Co (NH,)s CJ] Cle 50.62 AD. KO, 12.93 
NH,—Co—Cl [Co (NH,), Cl) (NO,)2 55.45 13.45 
Fer eary (Co (NH,)4Cl2} Cl- J1,0- trans 00.94 17.86 APNE 
tS [Co (NI,),Clz] NO,-H,0- trans 52.68 17.69 


The values that we obtained for the coordinate refractions can be used for the determination of the geo- 
metric configuration of complex cobalt compounds, In Table 5 is given the comparison of experimental and 
theoretically calculated (for the different isomeric forms) molecular refractions. The coordinate refractions 
were calculated (Table 4) from the experimental data on isomers, and in the case of these isomers their struc- 
ture was determined with the aid of refractions calculated, of course, from other compounds, 


In Table 5 it is apparent that in all cases the molecular refractions calculated on the basis of the correct 
assumption concerning the structure of the given compound lie considerably closer to the experimental values 
than do those calculated on the basis of an assumption known to be incorrect. Thus, the geometric configura - 
tion of complex compounds of trivalent cobalt can quite safely be determined by the refractions. The least 
reliable determination of the structure is in the case of [Co(NH 3)4NO2)g)Cl-trans, As we have noted earlier [3], 
the cause here is the extremely strong optical anisotropy ( An = ng ~ np = 0.25), which makes it impossible to 
apply the same concept of molecular refraction that worked for isotropic or weakly double-refracting substances. 
The limited applicability of the Lorentz-Lorenz formula in the case of strong double-refraction is therefore also 
a limitation of the refractometric method for determining the structure of complex compounds. 


Refractometric data on complex compounds can be used not only for determining the geometric configura - 
tion but for finding the interatomic distances in the inner sphere of these compounds, 


Since the molecular refraction is a measure of the molecule's own size [13], there ought to be a linear 
relation between the size of the spherical molecule and AR . In previous work [2, 3, 6] it was shown that the 
length of the bond depends on the refraction of this bond in the following manner: 


3 
1=1-123V Rpond 


261 


TABLE 9 


Coordinate Refractions of Trivalent Cobalt Compounds 


nin leet age a A ce 
Coordinate Rexptl. | | Reale. | ci 
[Co (NIH,)4 (NOz)2]-Cis 49.67 ae os 
[Co (NI), (NO2)a] Cl- trans 50.29 — oes | +5 
[Co (NH,)s (NOa)2] NO,- cis 52022 eis ee 
[Co (NIf,)¢ (NOz)2] NO,- trans a2a8y —— Sy “si | . = 
Go (NI3)x (NO2).- trans ae TT | ss 
(K [Co (NH4)2 (NO»)4] 54.97 ae > ue < 7 
[NH [Co (NH,)2 (NOz)4] 56.41 Ss read | oo 


trans 96.30 


TABLE 6 


Values of Interatomic Distances 


Refraction |Interatomic |Interatomic 
Bond Compound of bond distance distance 
(optical) {x-ray value) 


[Co (NH,)e] Cls 5 37 1.96 4 .9[3] 
PONY [Co (NH5)s] (NOs)s 5.30 1.96 = 
K [Co)(NHy)2 (NO2)4] neve 1.98 2 .00j14] 
Co—Cl [Co(NII,),Cl]C!.H20- trans 8,93 2533 2.33[15] 
[Co(NH,).Cla]NO,-II,0-trans 8.84 2.32 im 
Co—No, K,Co(NO2)e 10.27 2.00 
K{Co(NH,)2(NO2),] 10.27 2.00 1 .96[24] 


The interatomic distances were calculated with the aid of this formula; some of them are given (together 
with x-ray data) in Table 6.. In the case of addenda of complex structure, for example the NO,- groups, the 
interatomic distances from the center atom to the gravitational center of the addendum are obtained by the 
formula. In crystallochemistry, however, by interatomic distance Me — NOg is understood the length of bond 
Me-—N. Therefore the value 0.435 A [3] must be subtracted from the value 2 obtained by the formula, in 
order to go from the distance Me — NO, to Me —N. 


From Table 6 it is apparent that the interatomic distances determined by refractometric and X-ray methods 
coincide within the limits of experimental error. This gives confidence in the correctness of the values for the 
remaining bond lengths, determined for the first time by the optical method, 


The coordinate refractions can be used not only for structure determinations, but also for theoretical pur- 
poses, 
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TABLE 7 It was shown earlier [16, 6] that information on 
the capacity of atoms for trans-interaction can be ob- 


Comparison of Coordinate Refractions ; ; ee 
tained by a comparison of the refractions of dissimilar 


1 . HRS Coy? and corresponding similar coordinates [17]. The interac- 
Coordinate |" X=Co=¥ || “tay coy) | 4 tion of atoms in the inner sphere of complex compounds 
is revealed in the instability of the bonds of the addendum 
NO,—Co—-NH3 15.20 15.60 —0.40 occurring in the trans-position of the active substituent. 
Cl—Co—NHs 12.93 14.22 —1.29 This instability of the bonds obviously must be accom- 


panied by an increase in bond refraction. 


Accordingly, a comparison of the refraction of a 
coordinate, for example NO, — Co — NHg, with half the 
amount of the refractions of coordinates NO, — Co — NOg, 

NH; — Co — NHg, allows information to be obtained about the difference between the increased refraction of NH3 
which is under the influence of NOg, and the increased refraction of the NO,- group because of the trans-interac- 
tion of another nitro group. An analogous comparison for the chloro-ammonium coordinates allows comparing 
the capacity of NO, and Cl for developing instability of the molecules of ammonia positioned opposite them, 


From Table 7 it is evident that the NOp»- group increases the refraction of ammonia to a greater degree 
(in comparison with a similar coordinate) than does the chlorine atom. Accordingly, the trans-interaction of 
the nitro group is greater than that of chlorine, in complete agreement with the chemical data [18]. 
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STUDY OF SLIP LINES IN SILVER CHLORIDE CRYSTALS 


V. E. Kochnov and M. P. Shaskol'skaia 


It is established that slip lines originate and develop in silver 
chloride in the same way as in metals. It is found that the traces of 
slip lines on the crystal surface are steps of a height of ~ 3°10° A, 
and that wavy slip lines are the result of the fusion of straight slip 
traces, 


Silver chloride crystals belong to the so-called “transparent metals." These ionic crystals with rock-salt 
type of structure, transparent and optically isotropic, also possess the mechanical properties of metals; as was 
shown by Stepanov [1], the stress-strain curve of silver chloride is perfectly analogous to that of copper on a 
scale of 1/10. Silver chloride crystals can, without difficulty, be subjected to pressing, rolling, forging, drop 
forging and any other of the operations [ 2] employed in the industrial working of metals. The transparency of 
silver chloride crystals and their birefrigence in the stressed condition makes them suitable for use in the photo- 
elastic study of deformation. The annealing and recrystallization properties of silver chloride are likewise 
similar to these properties in metals. A study of the processes of elastic and plastic deformation in silver chlo- 
tide crystals ought therefore to provide information concerning the mechanism of similar processes in metals. 


We have investigated the origin of the slip lines produced when polycrystalline silver chloride sheets, 
monocrystalline in thickness, were subjected to tension. 


Single crystals of silver chloride in the form of cylinders 10-12 cm long and up to 3 cm in diameter were 
grown from the melt by the method of slowly passing the crucible through a tube furnace of given temperature 
gradient. The specimens were then subjected to pressing followed by rolling. The sheets, several tenths of a 
millimeter thick, finally obtained were annealed at 400-440°C for 10 to 24 hours; variation of the duration and 
temperature of annealing enabled the grain size to be varied. The structure of the specimens after annealing 
was revealed by etching with a saturated solution of hyposulfite. The specimens we used had a grain size vary- 
ing from a few tenths of a square millimeter to 500 mm?, The sheets were subjected to tension by the applica- 
tion of a smooth, gradual load and were studied in the process of extension. Examination was carried out by 
polarized light with a magnification of 256, as well as by transmitted and reflected light with a magnification 
of 480. 


Nye [3] investigated the plastic deformation of silver chloride sheets. He made a careful study of the 
origin of the birefrigence under tension, and came to the conclusion that the mechanism of slip in these crys- 
tals is analogous to “pencil slip." Like Nye, we found that the deformation of silver chloride is accompanied 
almost at once by the appearance of birefrigent bands, visible in polarized light, similar to those observed by 
Obreimov and Shubnikov [ 4] and Brilliantov and Obreimov [ 5] in rock salt crystals. By studying these bands, 
it is possible to discover the stress distribution in the crystal during elastic and plastic deformation. This has 
partly been done by Nye in the work already referred to. If the load is increased, in addition to the birefrin- 
gent bands in AgCl, thin straight or wavy lines appear, visible without polarized light by both transmitted and 
reflected light (Fig. 1). Nye makes a brief reference to these lines and considers that they are formed on the 


— 


* A. Blistanov, P. Pashkov, D. Pashchenko and Ia. Soifer, students of the Moscow Steel Institute, assisted in 
this work. 
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surface. By successively altering the focus of the microscope, we found that the lines pass through 
the entire crystal, evidently originating not on the surface but in the body of the grain. These thin lines are 
perfectly analogous to the slip lines observed on the polished surface of deformed metals. The lines do not 


disappear when the load is removed. 


It is interesting to note that the orientation of these lines — in future we shall call them slip lines — is not 
in any way related to the orientation of the birefrigence bands, So far we have found no explanation of this 
fact and we hope later to make a special study of it. 


With gradual increase in the load (or the deformation), the slip lines lengthen, become branched and in- 
crease in number (Fig. 2). Preliminary calculations show that the increase in the number of lines and their 
total length as a function of the load occurs discontinuously, similar to that observed for pure metals, for example. 
for aluminum [6]. At the same time, the newly formed slip lines proceed in the same direction as those pre- 
viously formed. When the load is increased still further, in addition to the continued development of the first 
system of slip lines, a second system of lines is produced, intersecting the first system and developing in exactly 
the same way (Fig. 2, b). 


The orientation of the two systems of slip lines is different in different grains and is not in any way connect- 
ed with the direction of the applied force. We have not yet completed the determination of the orientation of 
these lines. Preliminary data indicate that the lines are oriented along the [110] direction. 


It is interesting to note that the grain boundary does not always form an obstacle for the development of 
a slip line. Sometimes a system of lines is arrested on reaching a boundary, but more often the slip lines cross 
the grain boundaries without altering either their form or their orientation. It may be that this peculiar pheno- 
menon is due to the fact that our specimens represent a texture*and consequently the orientation of the indivi- 
dual grains may be very nearly alike; this, however, naturally requires further special investigation. 


If a slip line which is gradually increasing in length (under increasing load) encounters on its path another 
slip line, it may be seen that a zig-zag is formed at the point of encounter (Fig. 3). By visual observation, it 
can at once be seen how the advancing slip line travels,so to speak,along the encountered slip line and then 
continues in the former direction. Sometimes, such zig-zags occur where slip lines meet a grain boundary 


(Fig. 4). 


Subsequent investigation was made with the ob- 
ject of ascertaining whether the lines seen by us were 
micro-cracks or actually traces of slip. If the surface 
of the specimen is examined under the same magnifica- 
tion (X 480) but with oblique illumination, it becomes 
clear that the thin lines are the traces of steps issuing 
from the surface. Nye [3] came to the same conclusion 
when using a shadow technique for examining the surface 
of a deformed specimen and estimated the height of the 
steps to be 4000 A; unfortunately, Nye merely refers 
to this in one passage without explanation. 


To demonstrate the fact that what we were observ - 
ing were actually steps, we employed the method of 
measuring the microhardness, using a Khrushchev micro- 
hardness gauge. The impression of the diamond pyramid 
directly in the visible trace of a slip line clearly shows 
the trace to be a step (Fig. 5). An estimation of the 
distortion of the impression indicates that the height of 
the step is approximately 3: 10°; 


Fig. 1. Birefrigence lines (thick) and slip lines 
(thin) in silver chloride polycrystals. Photo- 
graphed in polarized light. x 240. 


Thus, the thin lines appearing on silver chloride crystals during plastic deformation are slip traces, typical 
of the mechanism of the plastic deformation of metals. Slipping of the crystal layers results in the appearance 
* "Texture™ (tekstura) —"A homogeneous body with non-lattice structure, composed of many particles of any 
physical nature definitely oriented in space according to the laws of symmetry." A.V. Shubnikov, Piezoelec- 
tric Textures [in Russian] (1946) — Publisher's note. 
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of steps, the traces of which are visible by transmitted and reflected light in the form of thin lines. Evidently, 


the zig-zag formed at the point of intersection of two lines is due to the fact that one step "climbs" on to 
another. 


Fig. 2. Appearance and gradual development of slip lines with increasing load. 
Load respectively equal to: a) 0,33 kg/mm’, b) 0.65 kg/mm’, c) 0.67 kg/mim?, d) 0.70 kg/mm’, 
e) 0.77 kg/mm’, f) 0.87 kg/mm’, Photographed by reflected light. x 480. 


Considerable interest is aroused by the question as to why both straight and wavy slip lines can occur in 
the same grain, which,as is well known,-also occurs in metals [7]. The answer was obtained by observing the 
initial stage in the formation of slip lines, It was discovered that a slip line appears either at once in the form 
of a thin straight line or in the form of a system of separate straight striae, parallel to each other. These striae 
are visible only in the very initial stage of the process of formation of the line, after which they merge with 
each other, forming a single wavy line. This process is extremely difficult to observe and photograph. Figure 6 
shows a series of photographs of a specimen on which we were able to follow the gradual development of a wavy 
line. It will be seen that when the specimen was subjected to load, a system of parallel striae appeared, With 
a small increase in load, these striae increased slightly in length and thickness, but did not merge into one 
another when observed for a period of two hours, The specimen was left under load and the final photograph 
(Fig. 6, d) shows the same specimen after 6 days: the striae have united or fused to form a single wavy line 
and the traces of the striae can no longer be distinguished on the photograph; they are scarcely noticeable in 
visual examination. 
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Fig. 3. Zig—zags at the intersections of slip lines. _— Fig, 4. Passage of a slip line across an intergrain boun- 
Photographed by reflected light. xX 480. dary. Photographed by reflected light. x 480. 


Fig. 5. Diamond pyramid impression revealing the Fig. 6a. Development of a wavy slip line at almost 
stepped character of a slip line. constant load. a ) commencement of the process. 


Fig. 6b. Development of a wavy slip line at almost Fig. 6c. Development of a wavy slip iine at almost 
constant load. b) after 10 minutes. constant load. c) after 30 minutes. 


Usually, the stage of the formation and fusion of the striae proceeds so rapidly that it is not always pos- 
sible to notice it. This is evidently the reason why the phenomenon was not observed previously. 
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Careful examination of wavy slip lines on silver 
chloride crystals under high magnification frequently 
reveals traces of the striae, evidently existing in the 
initial stage of formation of such lines. We have come 
to the conclusion that the wavy slip lines in silver chlo- 
ride crystals and consequently, evidently, also in pure 
metals, are formed always as the result of the fusion of 
a series of straight slip lines. The mechanism of the 
actual fusion process is not yet clear to us. 


The investigation of the processes of plastic de- 
formation in silver chloride crystals thus leads to the 
following conclusions; 

Fig. 6d. Development of a wavy slip line at almost 


constant load, d) after 6 days. 1. In the process of plastic deformation of silver 


chloride crystals, slip traces are formed which have no 
connection with the birefrigence lines of Obreimov — 
Brilliantov — Shubnikov but are traces of slip steps emerging on the crystal surface. The height of these steps 
attains 310° A. 


2. Wavy slip lines in silver chloride crystals (and consequently probably also in metals) are formed by 
the fusion of straight slip traces, appearing in the initial stage of the plastic deformation process. 


3. The processes of plastic deformation in silver chloride crystals take place in quite an analogous manner 
to the same processes in metals. 
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BRIEF COMMUNICATIONS 


CRYSTALLINE STRUCTURE OF CIS-[Pt(NH3)2(SCN)z2 J 
Lay lab lendelics 


Cis-dithioc yanodiammineplatinum — [Pt (NHgs )2(SCN), ]—Wwas synthesized by Grinberg's method [1]. On 
recrystallization from a mixture of ethyl alcohol and acetone (in a ratio of 1; 3) the substance was deposited as 
thin, yellow, needle-like crystals. Goniometric investigation showed only a straight band of faces; the cross- 
section of the crystal has a rectangular form which is almost square. Optically the crystals of cis-[Pt(NHg3)2(SCN)g] 
are biaxial ; in white light Ng = 1,828, ny = 1.780, np = 1.730. The angle of the optical axes is 2 9 = 90°. 

The extinctions are straight .* 


The symmetry of the oscillation x-radiograms shows that the crystals belong to the mmm diffraction class. 
The lattice parameters were determined from oscillation x-radiograms (accuracy + 0.05 kX): 


a =13,74kX, b= 8,064X, c= 13,71 kX. 


The specific gravity of the crystals is Bp = 3.05 g/cm*, Each unit cell has 8 molecules. The x-ray 
density is oy = 3.02 g/cm’. 


The primitive form of the lattice was established by oscillation x-radiograms taken alonga diagonal and 
by resolution of the first layer line,h1l . The absence of reflections of the 0k type with k = 2n-1, hOl withZ = 


2n — 1 and hkO with h+ k = 2n~— 1 unequiv ocally defined a Pbcn space group. 


The coordinates of the atoms were determined by projections of the interatomic vector and electron den- 
sity functions. Experimental data were obtained with a camera for photographing the reciprocal lattice using 
molybdenum radiation. 106 independent reflections were observed on the h02 photograph, 60 on the Ok/ photo- 
graph and 35 on the hkO photograph. The intensity of the reflections was evaluated visually from the blackness 
of the spots; in calculating the values of se Lorentz factors and polarization were taken into account. 


A clearly expressed pseudoperiod, equal to b/2, appeared on the x-radiogram for oscillation around the 
Y axis. It follows from a projection of the interatomic vector function that this pseudoperiod was caused by 
the location of the Pt atoms one above the other in glide planes. The 16 sulfur atoms, belonging to each unit 
cell, form two rectilinear systems of points. The projections of the F?-series contain maxima, which are inter- 
preted as Pt — Pt, Pt — Sy, Pt — Syy ( the maxima Sy — Sj, Sj — Syy, Sj — Syy are also partially expressed), The 
heights of the Pt—Pt and Pt— S maxima are on the average 5:1. . 


The coordinates of the Pt, S; and Syy atoms were used for calculating the signs of the structural amplitudes. 
Thus, we discovered that the S; and Sy; atoms do not change the signs of the structural amplitudes, determined 
by the position of the Pt atoms. 


*M. N. Liashenko obtained the crystallooptical data. 
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Besides, Pt, Sy and Sy atoms, the NHgy and NHgjj groups and the C and N atoms appeared on the electron 
density projections. All the atoms Occupy common positions. The structure is characterized by 27 parameters 
which are shown in Fig. 1 (the coordinates are given in fractions of periods), Recalculation of the structural 
amplitudes, taking into account the coordinates of all the atoms, did not result in a change in the signs. 


The structure of cis-[Pt (NHg)g(SCN)g] is molecular. The coordination number of the platinum atom is 
equal to four. The addenda are placed coplanarly and form several deformed squares. Structural investigation 
confirmed the cis-structure of the molecule. The thiocyano groups are linear and joined to the platinum atom 
by the sulfur atoms to form an angle of the order of 70° with the plane of the complex. 


The planes of the complex are at an angle of approximately 30° to the XZ coordination plane . The com- 
plexes are placed one above the other forming "columns," stretched out along the Y axis. In each such *column" 
the complexes rotate in their own planes in turns. Figure 1 shows the projection of the unit cell on the XZ plane. 


TABE ES! 


Pt S 


I Say | NH, 


os 0.250 | 0.398 0.334 0.126 0.169 0,383 | 0.373 0.405 0.461 
y 0.116 | 0.467 | —-0.012 | 0.050 0.208 0.285 | 0.400 0.4114 0.224 
z 0.084 | 0.157} —0.044 | 0.024 0,196 0.242 {0.302} —0.083 | —0.125 


A comparison of the experimental and theoretical values of the structural amplitudes indicates that the 
structural pattern determined is correct. The convergence coefficient Ryz = 0.20, Ryz = 0.26. 


In this work we did not try to determine the coordinates of the atoms exactly, as we were mainly in- 
terested in the overall pattern of the structure. 


Certainly, the projection method using in one case 106 and in the other 60 independent reflections (pro - 
jection on XZ and YZ planes) could not give a highly accurate determination of the coordinates. Existing ex- 
perience in investigating structures with heavy atoms and analysis of the cross-section maxima of the electron 
density projection makes it possible to evaluate approximately the probable error in the coordinates; for plati- 
num + 0,02 kX, for sulfur + 0.05 kX, for NHg + 0.15 kX and for carbon and nitrogen + 0. kx. 


However, even within the limits of this accuracy, the character of the bond in the complex may be de- 
termined by the metal—addendum interatomic distances. The values we obtained for the distances 


Pt —S; = 2.29kX,~ Pt—NH,, = 2.04X, 
Pie= Sie 2 Ol bk Pt NH ee 0k 


3TI 


are normal for complex compounds and indicate, firstly, the covalent character of the bonds (as applied to 
complex compounds) and, secondly, the equivalence of both Pt — S and Pt — NHg bonds (within the limits of 


experimental accuracy). 
The distances between the addenda in the complex 


ee eras Do. NH, — NHg,, = 2.754X 
oN Hepes COUR Ke Nia or ee O00 1X 


indicate a certain deformation of the square coordination of the complex. The angles between the bonds of 
the central atom and its addenda are equal to 
——s ° oa T 
SPL Sop Bor; NH; Pt—NH 
Secs Plans, = 88°, NH 


Faves ae 
— Pt — S, = 95°. 


311 


271 


o- _ 
X Pt, (O=5 


O=c 


O- N and NH, 


Fig. 1. Projection of the unit cell of cis-[Pt)NH3)9(SCN)2] 
on the XZ plane. 


As the difference in the two S—NH, distances (3.00 kX and 3,20 kX) lies beyond the limits of error, the 
deformation of the complex is caused, apparently, not only by the difference in the size of the sulfur atoms and 
the NHg groups, but also by the conditions of molecular packing in the crystal. 


The following values were obtained for the interatomic distances in the thiocyano groups: 


S1— Cy, =1.554X, “Syz—Cy = 1.564X, 
C; — Ny = 1.24 kX. Cyy — Nur a 1.30 kX. 


The probable error in calculation here is very great; however, the similarity of two independent results 
S=C=N bonds, 


indicates that the actual error is considerably less. The values obtained agree with those usually assigned to 


The closest distances between the atoms in different molecules are equal to 


Pt— Pt = 4,03 kX, S1—S,; = 3.76 kX, 
Si Ny = O.00KA, S, — NH3,;= 3.45 kX, 
Sit — NHz, = 3.70 4X, yn 4.45 kX, 
Sr— Ny = 4.18 kX. 
The volume of the cis-[Pt(NH3),(SCN),] molecule itself equals 129.1 kX3. The packing coefficient 
k = 0.68. 


SUMMARY 
2 


1. The atomic structure of cis-[Pt(NH3)2(SCN)g] crystals was determined. 


It was shown that the structure of cis-[Pt(NH 3)z (SCN)g] is molecular and the cis-structure was confirmed. 


3. We determined the crystallooptical and crystallochemical constants of cis-[Pt-(NH3)(SCN),] crystals. 
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THE CRYSTALLINE STRUCTURE OF THE TRANS- DIAMMINEDITHIOCYANIDE 


OF DIVALENT PLATINUM 


La. ha. Bleidelistand Ge By bok 


Trans-[Pt(NHg)o(SCN),] was synthesized by A. A. Grinberg's method [1]. The crystals were prepared by 
recrystallization from acetone. In order to confirm the composition, a platinum analysis was performed by ther- 
mal decomposition of the substance and weighing the metallic platinum. 


Under a microscope the trans-[Pt(NH3)9(SCN)9] crystals have the form of thin, slightly elongated plates 
of a golden yellow color. The crystals have an oblique extinction of 8-10°.* The refractive indices, deter- 
mined in white light, have the following values; 


ng = 1.990, Na 1.737, My == 1,625. 


The parameters of the unit cell were determined by oscillation x-radiograms, taken with copper radiation, 
and were found to be the following: 


a = 7.31 +005 kX, 
bas 8.27 + 0.08 8X, 
c= 13.27 40.05 kX, 
B ~ 90° 


Ratio a:b:c = 0.884: 1 : 1605. 


The oscillation x-radiograms along diagonals and the h12_kforograms* * showed that the unit cell is primi- 
tive. Kforograms, plotted on all three coordination planes, established that the trans-[Pt(NHg)g(SCN)g] crystals 
belong to the rhombo-prismatic form of monoclinic syngonic symmetry, and if the monoclinic angle is taken as B= 90°, 
then the space group P2,/n is unequivocally determined (instead of P 2,/c in the case of an oblique-angled coordinate system). 


The specific gravity of the substance, determined pyknometrically is Op = 2.90 g/cm*, The x-ray 
density of the substance is ox = 2.88 g/cm*. The unit cell contains 4 molecules of [Pt(NH3)e(SCN)2]. The 
trans 4Pt(NH3)a(SCN),] crystals belong to the Cy, = 2/m.diffraction class. 


The coordinates of the atoms were determined by projections of interatomic vector functions and pro- 
jections of electron density on the XZ and YZ coordination planes. Kforograms were taken with molybdenum 
radiation. 103 independent reflections were on the h0J kforogram and 76 on the Okl kforogram. The in- 


tensities of the reflections were evaluated visually by the blackening of the spots. The relative reflection in- 
tensities were divided by Lorentz and polarization factors. 


The coordinates of the platinum and sulfur atoms were determined by projections of the interatomic 
vector functions, All the atoms occupy common positions,and the 8 sulfur atoms. belonging to the unit cell 
occupy two fourfold positions. Thus, the trans-[Pt(NH3)9(SCN),] structure has two thiocyano groups S}C]N] and 


* M.N. Liashenko obtained the crystallooptical constants. 
** Kforogram: Transliteration of Russian term meaning ‘reciprocal lattice photograph. ' 
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SjzCyyNy, which are different crystallochemically. The platinum atoms occupy a common fourfold position 
near the double screw axes, 


TAB GE a 
Pt | Sy Sqr Nia, NUsyy Cy | Ny Cry Nyy 
x =()',073.|.—0.,206 4.0.493. | —0.130:|_-0.131 —0.354 | —0.475 | 0.344] 0.467 
y 0.184 0.030 | 0,333 0.135 0,230 0.154 0.256 |0.215] 0.145 
Z 0.217 0.128 | 0,309 0.360 | 0.084 0.104 0.083 | 0.354] 0,392 


The signs of the structural amplitudes and then the projection of the electron density were calculated 
from the coordinates of the Pt, Sy and Sj; atoms, determined by projections of the interatomic vector function. 


Maxima, corresponding to NHgy and NHgyy7 
groups and to the C and N atoms of thiocyano groups, 
appeared on these projections. All 27 atomic para- 
meters were determined from the electron density 
projections. 


The relative atomic coordinates are given in 
Table 1. 


Recalculation of the signs of structural ampli- 
tudes was carried out using these coordinates but all 
the structural amplitudes retained their signs. 


o-Pt O-S O-C O-N and NH, 


The interatomic distances in the complex, 
calculated from the atomic coordinates,were found 
Fig. 1. The projection of the trans- (PUNE (SCN to be the following: 
structure on the XZ plane. 


Pt—Sy;=2.26kX, Pt—NH,g, = 2.134X 
Pt —Syy = 2.27kX, Pt — NH,,, = 2.104X. 


The distances between addenda in the complex are: 
NH5,; — S,y = 3-184X, NHy, —S,, = 2.944X, 
NH, —S, = 3.014X, NH;,—S, = 3.254X. 


The angles between the central atom and addenda are: 


S,,— Pt —NH,,, = 93°. 2S, — Pt —NH,, = 95°,5, 
+S, — Pt — NHy,, = 87°. x S,,— Pt — NH, = 84°,5. 


Distances in the S~-C—N™ groups are: 


S— Cy =1.604X, Sy—Cy = 1.59 4X, 
Cr Ny et 20kX, Cr — Ny = 1.30 kX, 
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The nearest distances between atoms in different complexes are: 


NHg,, — Nyy = 3.064X, N,,—S, = 3.864X, NH,,—S, =3.464X, 
NH,,; —N,; = 2.70kX, S,,—S,=4A15kX. 
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The volume of the trans-[Pt( NH3)a(SCN),] molecule itself equals 129.3 kX’, The packing coefficient 
is 0.649. 


Similarly to the structure of cis-[Pt( NH3)g(SCN)g], the structure of trans-[ Pt( NH3)(SCN)2] is molecular. 
The addenda are placed around the platinum coplanarly and the coordination number of platinum equals 4. 
The SCN™ groups are linear and form angles SyCyNy = 78°, SjyC,;Nyy = 72° with the plane of the complex. 


Figure 1 shows the projection of the unit cell on the XZ plane. 


The accuracy of determination of the atomic coordinates in the structure of trans-[Pt(NHg)(SCN),] was 
evaluated from the heights of the maxima of the electron density projection and in the case of the Pt and S 
atomic coordinates, it was found to be not less than that in the cis-isomer structure, As far as the accuracy of 
determination of the coordinates of the NH, groups and the C and N atoms is concerned, it is lower than the 
accuracy of determination of the coordinates of the corresponding atoms in the cis-isomer. This is mainly due 
to the y coordinates of these atoms, The low accuracy of determination of the atomic coordinates is due to 
the crystal's habit, in particular, to the strong effect of the unequal absorption of the crystal in exposing along 
the X axis. 


A comparison of the experimental and theoretical values of the structural amplitudes indicates that the 
proposed structural pattern is correct as the convergence coefficient isRy 7 = 0.21, Ryz = 0.30. 
SUMMARY 


The atomic structure of trans-[Pt(NH3)9(SCN)g] crystals was determined and it was shown that their struc- 
ture is molecular. 


We proved the trans-structure of the compound, confirmed the planar coordination of the addenda around 
the platinum and the linearity of the SCN” groups. It was established that the latter groups are bound to the 
platinum atoms by a sulfur atom. 


The distances Pt — S = 2.27 kX, Pt — NHg = 2.12 kX were established, The distances Pt-S are the same 
within the limits of error, in both isomers; the Pt-NHg distance is greater in the trans-isomer than in the cis- 
isomer. 


The distances in the SCN” group was determined. 
In conclusion, the authors would like to express their gratitude to Physics and Mathematics Candidate, 
M. A. Porai-Koshits for consultion and advice, which helped in the given work. 
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CRYSTAL STRUCTURE OF THE METASTABLE PHASE FORMED DURING 
THE TEMPERING OF Cu- Sn ALLOYS GONTAINING 24 27% Sn 


Iu. A. Bagariatskii 


As long ago as 1932, Isaichev and Kurdiumov [1] found that in low-temperature tempering of Cu- Sn 
alloys quenched from the 6B -region, the eutectic decomposition B—> q@ + y does not take place directly, but 
a metastable phase y* is first formed, so that the decomposition process is 8 > B + y'> a+y.* According 
to x-ray data [1, 2], the temper phase is not identical with the low temperature martensitic phase 8 ' (nor with 
the subsequently discovered second martensitic phase 8 " [3], possessing a rhombic lattice [4]) but in contrast 
to it, is formed from the hardened 8 -phase by diffusion, as is confirmed by direct experiments [5]. As the 
result of constructing and analyzing the polar diagrams for all the observed reflections of the y '-phase, formed 
during tempering in the single crystal 6 -phase, I. V. Isaichev and G. V. Kurdiumov came to the alternative 
conclusion that the y '-phase possesses either a cubic lattice similar to the lattice of the y -phase (which also 
induced them to call it the y '-phase), and with the same law of orientation of the precipitates with respect to 
the original y ' crystal ([001]@,, || [001] @g [1}), or a hexagonal lattice with the axis ratio c/a = 0.354, direc- 
tion of the axes a || [112], »c || [111], and constants 4 = 7.28, c = 2,58kX. In the second case, the elemen- 
tary cell has 9 atoms. The paper indicated the similarity possible for the y '-phase of hexagonal lattice to 
the lattice of the ¢-phase of AgZn, which, according to the data of reference [6], has almost the same ratio of 
axes (0.367), the same number of atoms per elementary cell and the same orientation of the axes as the high- 
temperature B-phase of AgZn. At that time, the disposition of the atoms was not known, either in the Cu — Sn 
y '-phase or in the AgZn €-phase, so that it was impossible to draw any definite conclusions in favor of either 
the first or second suppositions. 


Recently, two papers have appeared on the study of the crystal structure of the ¢-phase [7, 8]. In [7], 
using polycrystalline material, the method of successive approximations was employed to ascertain the difference 
in the arrangement of the atoms in the ¢ -phase relatively to the 8 -phase of AgZn, and in [8], the conclusions 
of reference [7] were checked and confirmed as the result of an investigation of a single crystal of B-Ag — Zn 
alloy, reduced to the ¢ form. The positions of the atoms in the elementary cell of the ¢-phase, as determined 
in reference [7], are shown in the first column of Table 1; the first three positions ( a and d for the space group 
Cat = C3 according to the International Tables) being occupied by zinc atoms, and the remaining 6 (g) being 
occupied 75% by silver atoms and 25% by zinc atoms; the second column of the table gives the approximate 
coordinates of the atoms, small displacements in the xy plane being ignored. The third column of Table 1 
shows the coordinates of the atoms in the & -phase if it is described in the hexagonal lattice with 9 atoms per 
cell ‘and not in the body-centered cubic lattice. The ratios between the cubic and hexagonal axes are here 
just the same as those found by Weerts [6] for || ¢ in the Ag — Zn system, Four modes of selection of the 
above-mentioned hexagonal axes in the 6 crystal are possible, in correspondence with the number of triad 


axes in the cube, 
It follows from Table 1 that in the 8 —> € transition, the atoms are in principle displaced along these 


directions, producing four possible orientations of the 6 -phase with respect to the original 6 -crystal. (The 
correlation of the two lattices is well shown by the illustrations in reference [7].) With such a rearrangement, 


the constants along the axes are also easily varied. 


* In reference [2], the temperature range of the formation of the y '-phase was found to be 150-350°C in the 
compact material and 100-200°C in powders. 


DATEL 


It seems to us that the peculiarities of the 8 —> € transformation observed in Ag — Zn provide a cogent 
argument in support of the second hypothesis regarding the crystal structure of the temper phase in Cu — Sn 


alloys. 
alee d 


Positions of the Nine Atoms in a Hexagonal Elementary Cell 


re 


¢-phase of AgZn [7, 8] di Cubic & “phase w-phase [9, 10] 


approximate (approximate 
No. of bxact coordinates | Barts (Al type) coordinates) 
atom 
4 000 000 000 000 
2 1/3 ?/3 4/4 Mis la ]a 1/3 ®/3 O lz */3 0 
3 215 1s 3/4 2/5 1/5 3/4 2/5 3/3 0 2/3 1/3 0 
4 0.350 0.032 1/4 vi Oe W/, O 1/g 1/g O 15 
3 0.650 0.968 3/4 21g 0 3/4 2/3 O 2/3 2/3 O Io 
6 0.968 0,316 3/4 Oman /a OYE Ye O 1/5 "He 
a 0.032 0.684 3/4 Ua meer 0 7/3 2/3 0 */3 1/s 
8 0.684 0.652 1/4 Aerisn tle 2/3 7/3 4/s 2/3 7/3 MWe 
9 0.316 0.348 3/4 area ey "3 3/3 7/3 (eid 1/o 
cfa=0,.392 0.392 c/a=0.353 cja= ye =0,353 


To check this supposition, we have calculated the relative intensities of the lines of the Cu — Sn phase 
having a structure similar to the ¢-phase of AgZn, but without ordered arrangement of the different sorts of 
atoms in the possible positions. As a first approximation, the positions of the atoms shown in the second column 
of Table 1 were used, i.e., ignoring displacements in the xy plane. In view of the estimatory character of the 
calculation, the angular factors of intensity were left out of consideration, only the structural (s?) and recurrence 
[p] factors were taken into account. The position of reflections from the hexagonal phase was also calculated 
with respect to the original cubic phase on the basis of the relationship found for the orientations of the two 
phases. The results obtained are given in Table 2, where they are compared with the data of Isaichev and 
Kurdiumov [1]. Despite the crudeness of the approximation made, agreement is quite good. (The mostimportant 
difference is the absence in the x-ray diagram of lines and reflections of type 13°1; in angle @ and texture, 
however, they are similar to the very strong reflections 22-1, which in addition partly coincide with the reflec- 
tions 200 from the original B -phase, so that they may be masked by them.) 


The calculations performed support the view that the temper phase in Cu — Sn alloys is isomorphous with 
the Ag —Zn €-phase (it should no doubt be called the Cu- Sn €-phase and not the y '-phase, especially since 
there is a martensitic phase in the Cu — Al system isomorphous with the Cu— Sn 6 "-phase), but that exact 
calculations of the position of the atoms ought to be performed on the basis of additional experimental material. 


The law of the 8 —> € lattice rearrangement is reminiscent of the rearrangement law in B —> w 
transformation in titanium alloys [9, 10}. In that case also , the displacement of the atoms is mainly only in 
the [111]g direction, but the resulting hexagonal lattice has a cell with a base one-third of that of the ¢-phase. 
In describing it in the same axes as the ¢-phase, the approximate values of the coordinates of the atoms in 
the w-phase will correspond to the data of Table 1. Like the temper phase in Cu — Sn alloys, the w-phase in 
titanium alloys is formed (on tempering) with a change in concentration of the original hardened 8 solid solu- 
tion and its electrical resistance differs appreciably from that of the 8 -phase. Both phases (€ and w) are pseudo- 
cubic and since the ratio of the axes c/a for the Cu— Sn ¢-phase is equal to 1/V8 and for w,V3/ v8, the lines 
on the x-ray diagrams are situated at angles @ for which sin?9 = constant-N, where N = H?+ HK + K? + 6L2 
in the first case and N = H?+ HK + K? + 2L? in the second, 


It should be noted that the data obtained in reference [1] by the very laborious method of constructing 
the polar diagrams can be obtained merely by photographing the rotation of a well-orientated crystal, 
as was done by us in connection with the w-phase [9]. The basis of this method will be explained in one of 
the subsequent papers. 
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ELECTRON DIFFRACTION STUDY OF InSb FILMS 


S. A. Semiletov and M. Rozsibal* 


Compounds of the elements of groups III and V of the periodic system (All, BV) possess high charge- 
carrier mobility and other valuable properties, which make their application in semiconductor technology very 
promising. According to the literature, all these substances possess a zinc blendetype of structure, and differ 


from many compounds of another analogous group AllpVI (Cds, ZnS and others) in that they have no hexagonal 
modifications. 


The present article deals with an electron diffraction study of the struc ture of InSb films obtained by sput- 
tering in a vacuum. The specimens were prepared for investigation either by sublimation of the starting com- 
ponents or sublimation of the previously prepared alloy, * * corresponding in composition to the formula InSb. 
The supports employed for condensation were celluloid films and rock-salt crystals. 


When the starting components were sublimed from different evaporators, the specimens formed on the 
supports were of variable composition, representing the entire phase diagram of the In — Sb system. The elec- 
tron diffraction diagrams of such specimens showed lines of crystalline Sb (or rings of amorphous Sb), the com- 
pound InSb and In. When the electron diffraction patterns were measured, we failed to detect any marked 
change in the lattice constants of any of the above-mentioned phases which would have been evidence of the 
formation of solid solutions. This latter circumstance is in agreement with the phase diagram of the In — Sb 
system. 


In addition to sublimation of the starting components, as indicated already above, we carried out sub- 
limation of the alloy InSb. As a rule several sublimations were effected from one weighing of alloy amount- 
ing to several milligrams. From the electron diffraction study of specimens prepared in this way, it was found 
that during the first sublimations, a film of Sb was formed on the support, then InSb and finally InSb + In. 


Thus, for example, in one of the series of experiments, about twenty sublimations were carried out with 
one piece of InSb alloy, the InSb lines appearing only on the electron diffraction pattern obtained from the 
specimen prepared in the twentieth sublimation, while only antimony lines were observed on the electron dif- 
fraction patterns from all the preceding specimens. This fact was observed earlier by one of us and was related 
to the different vapor tensions of the components — in this case with the much higher vapor tension of Sb com- 
pared with the vapor tension of In. 


Figure 1 shows one of the electron diffraction patterns we obtained from InSb films. The majority of the 
lines of this pattern can be indexed on the basis of a cubic lattice with the constant a = 6,46 A, corresponding 
to the data in the literature. 


Table 1 gives the results of the measurement and indexing of this electron diffraction pattern. It will be 
seen from this table that in addition to lines corresponding to the cubic face-centered lattice of InSb, the dif- 
fraction pattern has a few extra lines of comparatively weak intensity. The values of the interplanar spacings 
corresponding to these lines do not fit either the In lattice or the Sb lattice. 


The ratio of the diameter of the 220 InSb ring to the diameter of the first extra ring was found to be V3 
i.e, it corresponds to the indices 1120 and 1010 of the hexagonal lattice. An analogous picture was observed 
* Scientific worker of the Institute of Technical Physics of the Czechoslovak Academy of Sciences. 
** The alloy was obtained from the Leningrad Physico-Technical Institute from N. A. Goriunova. 
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TABLE 1 


Results of Measurement and Indexing of InSb Electron Diffraction Patterns. 2LA = 75.3 
re a, ee ea ee ne en 


No. of on dexp I* 
ring 
4 19.2 3.93 MS 
2 XD 3.72 S 
3 24.4 B52 MS 
4 Dip 8 Das MS 
5 33.0 Dee S 
6 85 e7 Al) M 
7 38.8 1.94 vs 
8 40.0 1 88 F 
9 46.5 1 62 VE 
10 48.7 454 VF 
14 51.0 1.47 M 
42 54.0 4.39 VF 
13 57.2 1.34 M 
14 60.5 4.25 MF 
45 66'2 4.18 F 


di cub hkl qe hex | kil 
= — 3.95 4010 
3.73 111 a = 
— — 3.50 1014 
_ — 2.71 1012 
2.28 220 — = 
— — 2.10 1013 
1.95 311 — ~- 
1.86 222 — -- 
1.64 400 = = 
= = 1.55 2023 
1.48 331 = 
— — 1.39 2132 
1,32 422 = == 
1.24 511 — — 
1.14 440 — _- 


* Intensities; s-strongest; vs- very strong; ms-moderately strong; m-moderate; 


mf-moderately faint; vf-very faint; f-faintest. 


previously by one of us in the study of films of CdTe [1]. It was established in [1] that the presence of extra 
rings on electron diffraction patterns of CdTe was associated with the formation in the films of a previously 
unknown hexagonal modification of this compound with a structure of wurzite type. 


Fig. 1. Electron diffraction pattern of a film of InSb. 


Since the compound InSb belongs to the 
same class of substances as CdTe (equidistance 
of the elements composing it from the C, Si, Ge, 
Sn group), it was natural to assume that in this 
case the presence of extra lines in the electron 
diffraction patterns of InSb was connected with 
the existence of a hexagonal modification of this 
compound in the films. 


To check this assumption, we calculated 
the values of the interplanar distances on the basis 
of a hexagonal lattice with the constants: 


a= ajV 2 = = = 4.50; 
C= 2a V3 = = aay He 


As is well known, such a ratio of the constants 
occurs in the case of the sphalerite and wurzite type 
of structure, based respectively on a three-layered 
cubic and a two-layered hexagonal packing of the 
anions, while the cations occupy half the tetrahedral 
vacancies. 


The theoretical values of d, calculated on the basis of a hexagonal lattice,and the corresponding indices 
are given in Table 1, Comparison of these values with the values of dexp obtained by measuring the diameters 
of the extra rings on the InSb electron diffraction pattern shows that they agree completely. 


Thus in InSb films obtained by sputtering in a vacuum, in addition to the formation of crystals of cubic 
modification with a zinc blende type of structure, crystals of hexagonal modification with a wurzite type of 


structure are also formed. The existence of the hexagonal phase was observed in all the films we investigated 
irrespective of the method of preparation (sublimation of the alloy itself or of the starting components), the 
temperature of the support during sputtering and the temperature of subsequent annealing. 
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CRYSTAL CHEMISTRY OF THE METAL HEXABORIDES 


G. S. Zhdanov, N. N. Zhuravlev, A. A. Stepanova and M. M. Umanskii 


An interesting group among the metal hexaborides are the compounds with the general formula MBg 
with cubic structure (Fig. 1). The boron atoms form a three-dimensional structure with the metal atoms occu- 
pying the empty spaces in it. The structure is of the CsCl type in which metal atoms of the Bg octahedrons are 
the structural units. 


The elements which form hexaborides belong to the left side of the periodic table, i.e., to groups II, 
Ill, and IV. In the literature [1] there is a hypothesis of the existence of hexaborides of Group I, but so far it 
has not been confirmed experimentally. 


Among the elements of Group II, Be, Mg, Ca, Sr and Ba form hexaborides, and those of Be and Mg do 
not have the cubic structure of the CaBg type [2, 3]. 


Of the elements of Group III, Y, La, Ce, Pr, Nd, Gd, Er and Yb form hexaborides, and it may be sup- 
posed that the same is true of the rest of the lanthanides and Sc. 


Among the elements of Group IV, Si and Th form hexaborides. A number of metal hexaborides have 
valuable physical properties. The question of the stability of MBg was discussed in [4]. It was shown that, 
depending on the valence of the metal, hexaborides may be either insulators or conductors. This effect of 
valence is confirmed by crystallochemical data. 


Fig. 2 


Figure 2 shows the parameters of the unit cell of 
hexaborides as functions of the atomic radius of the 
metal for the 12-fold coordination. The numerical 
values are taken from Bokii's text [5]. The parameters 
of the unit cells are given according to [1, 6, 7]. 


On the graph, the points corresponding to the 
hexaborides of the bivalent alkaline earths and triva- 
lent rare earths fall upon differnt curves. Experimental 
data on the structure of the tetravalent hexaborides are very scant, The structure of silicon hexaboride was 
recently determined by one of the authors [8]. It is possible that the points corresponding to silicon and thorium, 
which are placed in different subgroups in the periodic table, fall upon different curves. The data given in 
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Figure 2 show that there are several subgroups in the cubic hexaboride group. Membership in this or that sub- 
group is determined by the valence of the metal atom. Ytterbium hexaboride falls on the curve for the biva- 
lent metals since it is bivalent. Cerium is either tri- or tetravalent. Structural data on cerium hexaboride 
show it to be trivalent in this compound. Structural data on some of the hexaborides need refinement. This 
should be done for strontium and ytterbium hexaborides. 


The coefficients of thermal expansion were deteremined by us by the x-ray method for the hexaborides 
of Ca and Si (Fig. 3), adding to the previously made determinations for hexaborides of Ba, Li and Ce [6]. 


—~ 
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Figure 4 gives average values of the coefficients of thermal expansion of these hexaborides as functions 
of the atomic radii of the metals. The coefficient increases with decrease in valence and increase in atomic 
radius of the metal. The reason for the high values of the coefficients of thermal expansion of the hexaborides 
of La and Ce is not clear. 
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PHOTOELECTRIC MULTIPLIER FOR SCINTILLATION GAMMA SPECTROMETERS 


L. G. Leiteizen, B. M. Glukhovskoi and I. la. Breido 


The resolving power of scintillation spectrometers depends mainly on the luminescent properties of the 
crystals and on the amplitude resolution of the photoelectric multiplier. The pre-1955 industrially produced 
multiplier of type FEU-19 with an end-face semitransparent cathode of ~9cm? area had, as a rule, a low ampli- 
tude resolution; for y -spectrometry only single specimens were suitable. The modernization of the construc- 
tion of the multiplier with the introduction of a number of technological innovations, carried out in 1955-56, 
led to a radical improvement in all the parameters of the multiplier, particularly its amplitude resolution. 
Many of the FEU-19 multipliers manufactured in 1956 had amplitude resolutions RS 12%.* About 60% of them 
had integral cathode sensitivities 2., =30ya/lu, and ‘blue' sensitivities [1] C.p =6y a/lu. More than 4 of 
the latter multipliers have R<10% and are manufactured under the designation FEU-29. Their distribution with 


respect to resolution is given in Fig. 1. 
% 
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Fig. 1. Distribution of 200 FEU-29 instruments 
(in %) with respect to amplitude resolution R. 


The multipliers with R s 9% were compared with 
some foreign and home multipliers under the same con- 
ditions, and no advantages of one over any other were 
detected. These observations and also the considerations 
expressed below were reasons for introducing a systema- 
tic selection of the multipliers giving high amplitude 
resolution. 


As we know, one of the important factors affecting 
amplitude resolution is the collection coefficient for 
photoelectrons on the first emitter. This coefficient de- 
pends on the focussing properties of the electron optical 
system. Figure 2 shows the electron trajectories for the 
cathode-diaphragm — first emitter system of the moderni- 
zed multipliers. We can see that the construction of the 
electrodes and their position ensures the collection of 
photoelecirons from practically the whole surface of the 
photocathode. This is confirmed both by direct mea- 
surements of the collection coefficient and by the above - 
noted marked improvement in the amplitude resolution 
of the modernized multipliers. 


* The resolution was measured with a good Nal(T1) crystal 30 mm in diameter under y -irradiation from Cs!3", 
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A second no-less-important factor is the sensitivity (particularly the "blue' sensitivity) of the photocathode. 
The scatter of this parameter in mass-produced FEU instruments is due to a sum of small technological devia - 
tions which have not yet been brought under control; therefore the selection of particular multipliers for high 
cathode sensitivity is quite legitimate, particularly since the remaining multipliers are perfectly svitable for 
scintillation radiometers. 


The advantage of employing an individual choice of inter-electrode voltages in multipliers has already 
been pointed out [1]. In Fig. 3 we give statistical graphs for 200 FEU-29 instruments for the stages C -,D, 
D—E,, Ey — Eg, and Eg—E3. It can be seen that the stages are distributed in a cluster, with a slight scatter. For 
a verification of their criticality we conducted a special experiment. 


From the results of control tests on 30 randomly taken multipliers with individually chosen operating con- 
ditions we calculated the mean distribution of the interstage voltages. With this fixed distribution (C — D — 
1.5%; iD E.- 14.7%; Ey aa E» = 1.5%; Ej oe E3 am 12.3%; E3 a Bases Exo om Ey ald 5% each; Eq a Eye eh Ey3 tO taties 
10% each) we measured the amplitude resolution of the same 30 multipliers. With the individual setup, the 
- mean value of R was 9.2% with a scatter from 8.3 to 10%. With the average setup, R was 9.6%, and two multi- 
pliers showed R> 10%, but the scatter for the rest was from 8.5 to 10%. Since the operating conditions do not 
appear critical, the FEU-29 is issued with a standard set of operating conditions. Measurements we conducted 
showed that high amplitude resolution is ensured by the particular construction of the multipliers when various 
materials are used for the emitters and photocathodes. This preserves the distribution of interstage voltages, 
shown above, 


A third factor is the linearity, i.e., the pro- 
portionality between the pulse amplitude on the 
multiplier output and the energy of radiation inci- 
dent on the crystal. Tests showed that the FEU-29 
operates linearly up to an amplitude of output pulse 
of about 7 v with Ry = 50 kohm, Cassembly =louyf. 


Below we give the mean values of the basic 
parameters of FEU-29: 


Ingegral cathode sensitivity, ~cw 40u a/lu 
‘Blue’ cathode sensitivity, &ch 8 a/lu 
Amplification (in rated spec- 

trometric operating conditions 


with Uay = 1000 v) 2:10° 
Noise amplitude (expressed 

as energy, for Nal(T1) crystal) =5 kev. 
Resolution for Cs!87 —> Nal(T1) 8.2-9:4% 


At the present time the amplitude resolution of 
the multiplier is determined in pair with an Nal(T1) 
crystal irradiated by Cs!87 or Co® preparation. In 
effect, in this way the energy resolution of a crystal- 
multiplier pair is measured, An account has already 
been given [2] of the marked difference between the 
resolutions determined by a crystal and by a pulse 
source of light, giving a photocathode illuminance equal to that of the crystal. We conducted comparative 
measurements of the amplitude resolution of 10 FEU-29 instruments; 1) by a selected crystal of NalI(T1) irradia - 
ted by cs!87 and 2) by a pulse gas-discharge lamp through a blue (Ajax = 4000 A) filter. The results of mea- 
surement are given on Table 1. 


Fig. 2. Diagram of electron optical system and tra~- 
jectories of photoelectrons in modernized multipliers 
FEU-19 and FEU-29. C— cathode; D — diaphragm; 
E, — emitter. 


The results of Table 1 show that the energy resolution of the spectrometer could be substantially improv- 
ed at the expense of the crystal. 
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For the purpose of selecting good crystals we carried out measurements of resolution and pulse amplitude 
with the ‘IN’ series of crystals of the Khar'kov Chemical Reagent Factory on a good FEU-29 multiplier. Asa 
control we conducted measurements with several crystals put at our disposal by the Institute of Crystallography; 
with them we obtained resolutions between 8.2 and 9%. As regards the factory crystals, only 3 out of 24 tested 
gave values of Rw 9%, the remainder being much poorer; 2 gave Rw 10%, 3 gave 12.5 to 14%, the remainder 
— 10.5 to 14%. With all these crystals we obtained a pulse amplitude Up. 10-30% less than with the crystals 
of the Institute of Crystallography. On comparing the factory data for the ‘light yield’ witn the values of Up 
and R obtained in our measurements, we did not manage to find any relation between these parameters. It is 
essential, we conclude, that the values of R and Up for the crystals should be measured directly in the factory. 
A selection of the necessary assembly of ‘standard’ multipliers and crystals does not present much difficulty at 


present. 
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Fig. 3. Distribution of 200 FEU-29 instruments (in %) with 
respect to interstage voltages; Curves 1, 2, 3, 4— distri- 
bution with respect to voltages (as % of total supply voltage) 
for the stages cathode-diaphragm, diaphragm — 1st emitter, 
1st emmiter — 2nd emitter, 2nd emitter — 3rd emitter, re- 


spectively. 
TABLE 1 
No. of FEU (arbitrary) | 1 2 | Save | Bi death CPt Sie atl aA 
R from crystal 8.2 |9.5/8.6|9.0/9.2|8.8]9.6|9-0]9.5| 8.2 


R from pulse illumina- 


tor 4.8 |5.0}4.5]6.0|6.0|5.5}6.2/5.5|5.5| 4.3 


In conclusion the authors express their great appreciation to L. M. Beliaev and his colleagues for supply- 
ing the crystals and participating in discussion of the experiments. 
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THE NATURE OF POLARIZATION IN CRYSTALS OF IMPURE 


ROCHELLE SALT 


V. P. Konstantinova and-V> A. Lurin 


It is known that the introduction of various impurities into ferroelectric crystals can change the electrical 
properties to a considerable extent. Thus, for example, the work of Kurchatov and Eremeev [1, 2] shows that 
the addition of only 1% of sodium ammonium tartrate to a solution of pure Rochelle salt cuts in half the ferro- 
electric temperature range of the crystals growing from this solution. The addition of 3% of the same salt com- 
pletely deprives Rochelle salt of its ferroelectric properties. With a decrease in the percentage of Rochelle 
salt in solution to 79%, the ferroelectric properties of the crystals have a new character, narrower in the region 
of low temperatures. There are also other studies devoted to the effect of impurities on the electrical proper- 
ties of Rochelle salt crystals [3-5]. Then there is the interesting case of the effect of impurities which form 
in a crystal of Rochelle salt as the result of radioactive exposure, when an anomalous electrical polarization 


develops in the crystal [6]. 


0 0 200 300 400 §6500 ~§=©600 700 vy /cm 


Fig. 1. Dielectric constant — field intensity curves 
for crystals of Rochelle salt with various impurities. 
1) pure Rochelle salt; 2) with B impurity; 3) with 
Al impurity; 4) with Cu impurity, Measurements 
were made with a ballistic galvanometer at 11°C. 
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The present paper will touch only on questions 
connected with the irregular distribution of impurities 
in the growth pyramids of the separate faces, and with 
the anomalous polarization of specimens cut out of 
the growth pyramid of face c (001) of Rochelle salt 
crystals grown from a solution with the addition of 2% 
of CuCOg,. 


A study of the polarization in a constant elec- 
trical field of Rochelle salt crystals grown with differ- 
ent impurities showed (Fig. 1) that, among the other 
impurities, the addition of CuCO, occupies a special 
place. While crystals grown from solutions with addi- 
tions of Al and H3BO, powder possess nearly the same 
nonlinear polarization as does pure Rochelle salt, 
crystals grown from a solution with the addition of 
CuCO; behave quite differently. The dielectric con- 
stant in the direction of axis a of a crystal with CuCO, 
impurity is not large and is practically constant down 
to a constant field intensity of 400-450 v/cm. This 
necessitated a more thorough study of these crystals, 


Crystals of sky-blue color grow from a solution 
of Rochelle salt containing 2% of CuCO,, with the 
color intensity variable in different parts of the crys- 
tal. The color intensity, extremely high in the growth 
pyramid c (001), diminishes in the growth pyramid of 
the other faces in the following order: (001), (210), 


StU Unc 0 ee 21020) 200) 4016 


Fig. 2. Dielectric constant — temperature curves 
for Rochelle salt with Cu impurity. Curves 1, 2, 
3 are for specimens cut out of growth pyramids 
of faces b (010), p (120) and c (001), respect- 
ively, Measurements were made on the NIE-1 
bridge at a frequency of 50 cps, 


(110), (100) and (010). The electrical properties of 
the crystal also change parallel to the change in color. 
Thus, a study of the temperature dependence of the 
dielectric constant in the direction of axis a of speci- 
mens cut out of growth pyramids of faces ( 010), (120) 
and (001) shows that the Curie points in these speci- 
mens are different (see Fig. 2), From the curves pre- 
sented in Fig, 2 it is apparent that specimens cut out 
of the growth pyramids of face c (001), which absorb 
the copper ions, have the lowest value of dielectric 
constant and the narrowest temperature interval of the 
ferroelectric range. 


The investigation of polarization in strong al- 
ternating fields by hysteresis loops shows (see Fig. 3, a) 
that in specimens cut out of the growth pyramids of 
face b (010), normal hysteresis loops are observed. 
However, in specimens cut out of the growth pyramids 
of face c (001) anomalous loops are observed, analogous 
to the hysteresis loops of nonferroelectrics down to 
fairly high values of field intensity (450-500 v/cm) 
the crystal behaves practically like a linear dielectric, 
and only in the fields at the ends of the linear section 
of the curve are there nonlinear branches (Fig. 3, b). 
The latter circumstance is in keeping with the data 
presented for these same specimens in Fig. 1. 


Interesting phenomena are observed for speci- 


mens with double loops during heat treatment. Annealing of the specimens for 5-6 hours at 40°C and subse- 
quent slow cooling (1-2 hours) to 18-19°C bring a specimen to a condition characterized by a normal hysteresis 
loop (Fig. 3,c). After “relaxation” of the specimen at room temperature for two days, the condition producing 
polarization with the original double loop is completely reestablished (Fig. 3, d). 


a 


Fig. 3. Hysteresis loops for Rochelle salt with Cu impurity. a) specimen cut 
out of growth pyramid of face b (010); b) specimen cut out of growth pyramid 
of face c (001); c) the same specimen immediately after annealing at 40°C; 
d) the same specimen 50 hours after annealing. Temperature 19.5°C, frequency 


50 cps. 


The anomalous polarization in crystals of Rochelle salt is apparently caused by strains originating in the 
crystal lattice as a result of the introduction of an impurity. For an explanation of phenomena occurring dur- 
ing and after annealing, a more detailed investigation of the physical properties of these crystals is required, 
in particular their domain structure, as well as elucidation of the character of the entry of the copper ions into 


the crystal lattice. 
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SOME ALTERATIONS IN THE DIELECTRIC PROPERTIES OF ROCHELLE SALT 


CRYSTALS EXPOSED TO X-RAYS 


I HES JPA 


In the work of Vigness [1] there is a brief note to the effect that Rochelle salt turns yellow under the 
action of x-rays. Studies by Zheludev, Iurin and others [2, 3] are devoted to the investigation of some proper- 
ties of Rochelle salt exposed to radioactive itradiation. 


The study of the effect of crystal-lattice dislocations connected with color centers on the dielectric con- 
stant of monocrystals of Rochelle salt is of definite interest. In view of this, the author has exposed cross sec- 
tions of Rochelle salt crystals to x-rays (with the aid of the BSV x-ray tube with iron anticathode, 30 kv voltage 
in the tube and 10 ma current). The specimens were placed in the appropriate chambers at a distance of 5 cm 
from the protective casing of the x-ray tube. The exposure of the samples was made either by simultaneous 
use of four apertures of the tube with different exposure time for the individual specimens, or just one specimen 
was exposed with a gradually increasing exposure time, each time after preliminary measurements. It should 
be noted that in the first case all four specimens were cut out of the same lamina of the cross section of the 
Rochelle salt crystal, 


The exposed cross sections of Rochelle salt crystals were tested in alternating fields of 50 cps frequency 
with the aid of an alternating current bridge, and over a frequency range of 200-500 kc/sec with the aid of a 
Q-meter, 


The examinations of the exposed specimens at 50 cps and a field intensity of 20 v/cm showed that the 
temperature dependence of the dielectric constant of these specimens in the temperature range from —20 to 40°C 
corresponds to that of the dielectric constant of unexposed Rochelle salt. In Fig. 1 are given the dielectric 
characteristics for specimens with exposure time of 10, 20 and 40 hours. It is noteworthy that with an increase 
in the exposure time, the dielectric constant decreases; it reaches, in the example, respective values of 1660, 
1460 and 880 at the upper Curie point, and 1250, 1100 and 500 at the lower Curie point. With a further in- 
crease in exposure time for the specimens the temperature dependence of the dielectric constant levels off; 
the constant remains abnormally high, but the difference between its values in the range of spontaneous polari- 
zation and at the Curie points is sharply reduced, In the paraelectric range, the dielectric constant of speci- 
mens exposed for not more than 50 hours as well as the dielectric constant of unexposed specimens follows the 
Curie-Weiss law. To resolve the question of the displacement of phase transition points in Rochelle salt crys- 
tals as a result of their exposure to x-rays requires additional examinations of specimens which undergo especial- 


ly long exposure, 


The exposed specimens were also examined in strong electrical fields of the order 1000 v/cm, A de- 
pendence of dielectric constant on the electrical field intensity is observed for all of the specimens, while a 
sharper dependence of dielectric constant on intensity is observed for less exposed specimens. The dielectric 
constant increases with an increase in intensity and feaches a maximum at a certain field intensity. Thus, for 
example, for a specimen with 40 hours exposure € = 2850 at a field intensity of 350 v/cm and at 17.5°C; 
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-14° +10° 
oie +149 
Fig. 1. Temperature dependence of the dielectric 
constant of cross sections of exposed Rochelle salt. 
1) exposure time 10 hours; 2) exposure time 20 
hours; 3) exposure time 40 hours. 
oi 185° 


with a further increase in intensity the dielectric con- 


stant decreases. With an increase in specimen ex- 
posure time, the field intensity at which the dielec- 
tric constant of the exposed specimen reaches a 
maximum is displaced to greater values. 


The examinations of specimens in high-fre- 


quency fields were made at intensities of 20-25 
v/cm,. The results of studies in the frequency 
range 500-5000 kc/sec show that the dielectric 
constant of specimens with different exposure time 


to *2.e° 
fluctuates around the value 120 (at a temperature 


of 17°C). It is therefore concluded that at these 
frequencies the dielectric constant of specimens 
tested in the range of exposure time used is almost 
identical with the dielectric constant of unexposed 


Rochelle salt, for which it was established that in +6? THe 
frequency range 500-5000 kc/sec at 17°C, € = 120. 


It must be assumed that the inert atoms ori- Fig. 2. Oscillograms of hysteresis loops of cross sec- 
ginating in the crystals as a result of exposure — tions of exposed Rochelle salt at different temperatures. 
the color centers (in negligible quantity) which Exposure time 15 hours, f = 50 cps, Emax = 450 v/cm, 
accompany these phenomena and deform the crys- Pmax = 10.4-107® coulombs - cm™?, 


tal lattice — influence only the slowly acting polar- 

ization méchanisms connected with dipole polarization. As a result of this, considerable altera- 

tions in the dielectric constant of exposed specimens of Rochelle salt are observed (in comparison with the di- 
electric constant of unexposed specimens) in low-frequency fields (for example, 50 cps). In alternating fields 
with a frequency of the order 10° — 10° cps , at which the dielectric constant of Rochelle salt is determined by 

a different quick-acting polarization mechanism, the color centers originating in specimens not exposed especi- 
ally long to x-rays do not change the dielectric constant of these specimens appreciably. 


A study of the dielectric hysteresis in cross sections of Rochelle salt crystals with different exposure time 
was made, The examinations show that the dielectric hysteresis loops of exposed specimens are distorted in 
comparison with the normal loops of unexposed Rochelle salt; for specimens with 15-hour exposure, the loops 
are narrowed in the middle; for specimens with 50-hour exposure, double loops are observed which suggest 
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hysteresis loops of nonferroelectrics; a further increase in exposure time of a specimen leads to a linear depen- 
dence of the instantaneous polarization value on the field intensity. 


In Fig. 2 is given a series of oscillograms obtained in the temperature range —16-26°C for specimen with 
15 hours exposure (the operation of the BSV tube is the same as in the foregoing examples). The ccercive force, 
which reaches a maximum value of 60 v/cm, and the residual polarization, which reaches a value of 54 CGSE 
at t= 8°C, were determined on the basis of these oscillograms, The temperature dependence of Pmax shows a 
decrease in polarization of approximately 30% in comparison with the polarization of an unexposed specimen 
in an electrical field of intensity Emax = 450 v/cm. 


The changes described in Rochelle salt as a result of exposure to x-rays can be viewed as the emergence 
of some impurities in these crystals, From this point of view, the electrical properties of Rochelle salt crystals 
exposed to x-rays are in all probability closely connected with the properties of crystals of Rochelle salt grown 
in the presence of an impurity in the solution [4]. 
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EXCITATION OF ULTRASONIC VIBRATIONS IN QUARTZ 


Ke ON Biaranniseket 


A large number of problems of molecular structure of a substance can be solved by investigation of its 
elastic properties in a wide range of frequencies. At present ultrasonic methods of investigation are widely 
used up to frequencies of 2- 10° c/sec, Only a few works are known in which absorption of sound in crystals 
[1], speed of sound in mercury up to the frequency of 1° 10° c/sec [2], and diffraction of light by ultrasonic 
waves in quartz [3] and in liquids [4] up to frequencies of 3° 10° c/sec have been discussed. 


The possibility of investigation of elastic properties of transparent bodies at ultrasonic frequencies 
(10°— 101° c/sec) by the fine structure of light diffracted by heat waves, predicted in the works of Brillouin and 
Mandelshtam, was first realized by Gross [5] for quartz. For solid bodies this method is complicated by the ex- 
ceptionally low intensity of diffracted light and therefore optical studies of this type are few. 


In the present work an attempt was made to work out a rational radiotechnical method of excitation of 
supersonic vibrations in quartz in the frequency rangeof 1- 10° c/sec to 10° — 10°° c/sec. For detection and 
investigation of high frequency sound the diffraction of light by ultrasonic waves was chosen because it reveals 
the processes which take place within the vibrating body and permits measurement of its elastic properties. 

In utilizing hypersonic vibrations this technique naturally merges into the methods of study of molecular dif- 
fraction of light making the latter easier by producing diffracted light of much greater intensity. 


The high sensitivity of the light diffraction method as compared with other methods of detecting ultra- 
sonic waves of very high frequencies must be noted. The fact is that, as shown by Motulevich [6], the ratio of 
the intensity of diffracted light of the first order I, to the intensity of incident light Ig is proportional to the 
kinetic energy of elastic vibrations pw*A?/2. Therefore, in order to keep the ratio I,/Ig constant (for example, 
at the level allowing visual observation of diffracted light), it is permissible to decrease the displacement 
amplitude in the ultrasonic wave while increasing the frequency. 


Quartz was chosen as the subject for study because it loses little electromagnetic energy at very high 
frequencies and possesses excellent optical properties. Optically clear quartz was used to prepare polished 
plates with parallel flat faces.* The edges of the plates, 12, 50 and 20 mm in length, were oriented parallel 
to the crystallographic axes of quartz, X, Y and Z, respectively. Plates of this size allowed passage of a suf- 
ficiently broad beam of light and provided a relatively large volume for propagation of ultrasonic waves. 


For observing the diffraction of light in ultrasonic waves, a plate of quartz was placed on the stage of a 
30" goniometer GS-30 especially adapted to hold the plate firmly and to permit application of electric cur- 
rent to its edges, Mercury lamps of high and low vacuum were used as the sources of light. 


The diffraction of light was studied on longitudinal waves passing through quartz parallel to the X axis. 
For this purpose, current was directed along the X axis while light was transmitted parallel to the Y or Z axis. 
Oscillators on coaxial resonators with metal-ceramic lamps GI-11B (LD-11) were used, allowing smooth varia- 
tion of frequency from 1-10° c/sec to 2-10° c/sec. The oscillators delivered up to 6 volts. Their frequency 
was measured by resonance wavemeters of the first order of precision. 


*Selection and preparation of plates were done by A. B, Gilvarg, Associate of the Institute of Crystallography 
of the Academy of Science, and by M.N. Kaposhina, Associate of the Department of Physics, University of 
Moscow, to whom the author expresses gratitude. 
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Fig. 2. Coaxial resonator with quartz. 

1) coaxial cable from the oscillator; 2) resonator tun- 
ing indicator; 3) tuning rod; 4) windows for light; Q) 
quartz plate. 


For frequencies up to 1-10° c/sec quartz plates 
were mounted in the usual way between two strips of 
copper or bronze foil pressed tightly against the faces 
normal to the X axis of quartz. High frequency cur- 
rent was delivered from the oscillators to the plate 
holder by a coaxial cable with resistance of 50 ohms. 
To insure maximum intensity of the field between the 
foil strips they were attached to a piece of coaxial 
cable which could be short-circuited at the opposite 
ends by a movable plunger (Fig. 1); in this way a sys- 
tem of standing electromagnetic waves was produced in the cable. By varying the length of the cable the 
densest part of the electric field could be shifted toward the foil strips. 


Fig. 1. Mounting of quartz for frequencies from 
1-108 to 1-10° c/sec. 

1) coaxial cable from the oscillator; 2) a strip 
of bronze foil; 3) part of the coaxial cable 
shorted by a movable piston; Q) quartz plate. 


For frequencies of the order of 1-10° c/sec it was found possible to connect the foil strips on the ends 
opposite from the generator and switch off the shorted portion of the cable. The fact is that the length of the 
electromagnetic wave in quartz (e€ = 4.7) at the frequency of 1- 10° c/sec is only 14 cm and for a plate 5 cm 
long the densest part of the electric field falls near its center. In this case the ultrasonic field of sufficient in- 
tensity occupies only a small portion of the volume of the plate. Therefore, for the higher frequencies it is 
advisable to insert quartz into the cavity of a quarter-wave coaxial resonator in which it is possible to obtain 
a uniform electric field of a much larger magnitude. The use of a coaxial resonator for lower frequencies is 
not convenient because of its large size and relatively high precision which requires more careful tuning than 
the condenser with the shorted coaxial cable. In the coaxial resonator (Fig. 2) the quartz plate, Q, was held 
between the end of the inner tube and the cover of the outer tube whose sides were provided with windows for 
passage of light. 


This technique permitted excitation in the quartz plates of sound vibrations of frequencies up to 1.64- 10° 
c/sec and observation of diffraction lines of adequate intensity. The stability of the oscillators made it pos- 
sible to observe diffraction during several hours without noticeable heating of the quartz plate. 


The basic frequency of the longitudinal vibrations in the quartz plates was 2,4. 10° c/sec and thus with 
frequency of 2-10° approximately the 6800th harmonic was excited, The length of the longitudinal sound 
wave at this frequency is 3.5- 1074 cm, i.e., it approaches the léngth of light waves in the infrared region. 
The ultrasonic lattice had 280 periods per mm, and the angle of diffraction for 5780 A was 9°28". 


The presence of standing ultrasonic waves throughout the plate excited by an electric field was checked 
by the decrease in intensity of diffracted light as the diaphragmed beam of light was allowed to pass through 
the thickness of the plate and by the resolution of yellow lines 5769 A and 5790 A in the spectrum of a low 
pressure mercury lamp. 

It was found that from v = 3-10° c/sec the quartz plates are equally well excited at both even and odd 
harmonics. It is interesting to note that with increase of frequency the need for precise tuning of the oscillator 
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to the next harmonic of the quartz plate diminished, and starting from frequencies of the order of 6- 10° c/sec 
for any frequency, the intensity of light diffracted by the quartz plate is above zero, Evidently this is due to 
the fact that the width of the resonance curve of the quartz plate at these frequencies exceeds the interval be- 
tween the frequencies of the overtones excited in quartz. Since for frequencies above 3-10° c/sec this inter- 
val Av equals the frequency of the quartz plate vg = 2.4- 10° c/sec, it is possible at frequencies of the order 
of 6-10° c/sec to evaluate roughly the quality of quartz by the formula Q = v/Av = 2500. 


In Rytov's works [7, 8] it is shown that the phenomenon of diffraction of light by ultrasonic waves differs 
little from diffraction of light by a one-dimensional grating until 


Nol 
ii (1) 


(A , A — wave lengths of light and sound, 2 — length of path of light)becomes much smaller than unity. With 
decrease in A when the expression (1) becomes greater than unity the three-dimensional character of the ultra- 
sonic lattice is manifested in selective (Bragg) reflection of light. The intensity of light diffracted at an angle 
y to the incident light will be be maximum if the plate of quartz is so placed that the angle 9 between the 
incident light and the plane of the sound wave front satisfies the condition 9 = \/2A = g/2. 


With the dimensions chosen for the quartz plates A = 5460A and diffraction of light on longitudinal 
waves, the selective reflection of light began to be apparent even at frequency of 1-10 c/sec in asymmetry 
of intensities in the spectra of +1 and -1 orders when the plate was turned slightly about the direction of in- 
cident light. At frequency 3° 10° c/sec it was possible by changing the sign of the angle to observe either the 
spectrum of +1 or the spectrum of the -1 order (Fig. 3,a and b). The relation 9 = y/2 was strictly fulfilled 
in the intermediate frequencies. 


S. M. Rytov showed that with a fixed value of @ the intensity of diffracted light is not zero in the inter- 
val 


(n =refractive index). Indeed, by changing the angle in the diffraction spectrum, it is possible to observe only 
_ individual spectral regions whose width decreases with shortening of A, Atv = 1-10° c/sec the degree of 
monochromatization increases to such an extent that the yellow and green lines of mercury are observed at 
different values of the angle 6 (Fig. 3, c andd). Thus the hypersonic lattice in quartz produces monochroma - 
tic light just as the crystal lattice produces monochroinatic x-rays. 


Measurements of the angular positions of diffraction lines of the mercury spectrum with simultaneous mea~ 
surement of the oscillator frequency have shown that within the investigated range the velocity of propagation 
of longitudinal waves remains constant within the limits of accuracy of our measurements ( 4 1%) and equals 
5750 m/sec. This permits utilization of diffraction of light by ultrasonic waves for wave length measurements 
within a broad range of frequencies. From the condition of refraction A sin y=), it follows that the angular 
position of the spectral line of light of wave length X and with constant speed of sound v uniquely determines 
the frequency of electric oscillations v , since vy = v/A. 


The author expresses his gratitude to I. A.lakovlev for suggesting this subject and for his interest in the 
research and to G. P. Motulevich for valuable discussions. 
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INHOMOGENEITY OF STRESS DISTRIBUTION IN THE GRAIN OF A 


POLYCRYSTAL IN THE INITIAL STAGE OF PLASTIC DEFORMATION 


Wa Mia IN COTM ley 


In the investigation of elastic and plastic deformation in polycrystalliné materials the question of the 
homogeneity of stress distribution in separate grains is of special interest. Our experiments, conducted on poly- 
crystals of silver chloride, may assist in clarifying this problem. 


We obsetved the initial stage in the formation of the birefringent bands, described by Obreimov and Shub- 
nikov [1] for plastically deformed rock salt crystals and which have since been frequently observed on other cubic 
crystals, including silver chloride [2, 3]. 


Fig. 1, Appearance and development of birefrigent bands in the initial stage 
of plastic deformation of polycrystalline AgCl. a) bands appear at junctions 
of grains; b) with increased load number of bands increases. Polarized light, 
crossed nicols. 256x. 


Plane specimens of polycrystalline silver chloride 60x 6x 0.5mm (monocrystalline in thickness) were sub- 
jected to tension on the stage of a polarizing microscope. A well-annealed specimen in the absence of a load 
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does not show birefringence. With the application of a small load of the order 35-45 g/mm? there occurs a 
lightening of the grain boundaries or the boundaries of groups of grains. On increasing the load to 70-80 g/mm 
there is observed an extremely inhomogeneous distribution of the stressed grains in the specimen. Some groups 
of grains appear light, others remain dark. When the load is removed, the specimen returns to its original con- 
dition and does not possess residual birefringence. When the load is increased to 95-100 g/mm? birefringent 
bands appear in the individual grains. The moment these bands form the whole grain appears to "flash" for an 
instant. First twotothree bands appear in some part of the grain. When the load is removed these bands do 
not disappear. This obviously signifies that changes have taken place in the grain structure, i.e., the initial 
stage of plastic deformation is passed; yet observation in transmitted nonpolarized light or examination of the 
surface of the specimen in reflected light do not reveal any changes in the grain. 


2 


Initially the bands are widely spaced, and then new bands appear between the old, All the developing 
birefringent bands are localized in one grain and are parallel to one another. In every other grain the direc- 
tions of the bands are different. In order to discover what sites in the grain gave rise to the birefringent bands, 
we chose specimens with grains of different size. Under tension deformation the birefringent bands arise mainly 
at the grain boundaries (Fig. 1, a), and new bands form parallel to the old (Fig. 1, b).* From this we may sur- 
mise that the sites giving rise to the first birefringent bands are places of overstrain. The random directions 
of these bands in different grains even of grain-oriented specimens can be explained by the fact that overstrains 
occur at different sites in the individual grains and the greatest forces act in different directions. Thus, in 
grains of polycrystalline silver chloride there is observed an inhomogeneity of the stressed condition. The 
stresses are concentrated at the grain boundaries. The direction of the greatest acting forces determines the 
direction of the arising birefringent bands. 
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DETERMINATION OF TEMPERATURE-CONDUCTIVITY COEFFICIENTS 


IN CRYSTALS OF ETHYLENE DIAMINE TARTRATE 


DMs Sil vestrovia 


In this communication a description is given of the measurement of the temperature-conductivity coef- 
ficients of a monoclinic crystal of ethylenediamine tartrate (EDT) for different crystallographic directions. For 
these measurements we used one of the nonstationary methods, namely, the method of causing a temperature 
movement in the specimen by putting it in contact with a standard [1]. 


Specimens of the test material were first placed on a copper cylinder 40 mm in diameter and 60 mm long 
and held for some time at a temperature of 25°C. To ensure the best thermal contact between cylinder and 
specimen we used glycerine. The cylinder was placed in a thermostat filled either with distilled water or with 
transformer oil (the temperature in all cases was constant to within +0.05°C). The specimens were then very 
swiftly transferred to another copper cylinder of diameter 30 mm and height 50 mm, placed in another thermo- 
stat also filled with water, but at a temperature 50°C also held constant to within +0.05°C. Glycerine was again 
used to ensure contact of the specimen with the cylinder surface, On the opposite upper surface of the specimen 
acopper-constantan thermocouple was placed. The flat junction of the thermocouple was inserted in a small 
cavity, 0.1-0.2 mm deep, made in the crystal; the cavity was filled with a drop of strongly saturated EDT solu- 
tion which swiftly crystallized, thus gluing the thermocouple to the specimen surface. By means of the thermo- 
couple we measured the temperature of the upper surface of the specimen as a function of time. The other 
ends of the thermocouple were soldered to two copper cylinders which were placed in a glass vessel lowered 
into a thermostat at temperature 25°C, equal to the initial temperature of the specimens. Two copper wires 
going from these cylinders supplied the voltage on the input of the registering device. 


The constant voltage applied on the input of the registering device (Fig. 1) was first converted by a polari- 
zed relay to a pulsating voltage, and then across the transformer it was applied through the cathode follower 
on a 6Zh1B tube to the input of the instrument amplifier 28-IM. By means of a parallel condenser the secondary 
winding of the transformer was tuned to a frequency of 500 cps, at which the transformation was conducted. 
The described circuit permitted measurements of constant voltage from 10uv to 0.2 mv. 


The results of measurements were treated in the following way. As we know [2], the temperature of the 
upper surface of the specimen, its thickness, temperature conductivity of the substance and time are connected 


by the formula: 


bee] 
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n=1 


Here h = thickness of specimen, T1= temperature of heated thermostat, To= initial temperature, Fg =Fourier's 
criterion, equal to ar /h? (a = temperature-conductivity coefficient, r = time). 
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Ty Cail (h, me) 
From the experimentally obtained values of 'T(h, r) we calculated the value 9, equal to T.-T, 


and called the relative excess temperature. Using the values of © given in the literature [3] as a function of 
Fy /4 we constructed the graph F9/4 = f(r). From the slope of the obtained straight line we determined a/h’, 
and then the value of the temperature-conductivity coefficient a. 


Since the temperature conductivity a = A /pc where A (thermal conductivity) is a tensor value, then the 


temperature conductivity is also a second-rank tensor. The form of this tensor for a monoclinic system, if an 


axis of the second order is taken for the Y axis,is [4]: 


a3, 0 43 
O az 0 
4430 a3 


For measurements of ayy, agp, agg and ayg of EDT crystals we cut specimens perpendicularly to the three 
axes X, Y, =, respectively, and normal to the face (001) [4]. (The angle of monoclinicity of ethylenediamine 
tartrate is equal to 15.5°). For the measurements we used specimens of different length and different cross - 
sectional area, cut from a single crystal, as well as specimens cut from different crystals. The lengths of the 
investigated specimens lay between 5.5 mm and 18 mm, the cross-sectional areas 10 X 20 to17 x 12 mm?, 


Typical results are shown in Figs, 2 and 3. 


iP rom thermocouple 


Fig. 1. Thermocouple circuit. 


As a result we obtained the following mean values of the temperature-conductivity coefficients of ethylene- 


diamine tartrate; 


= 3,2-1073cm?/sec As3 = 1.8. 40-8cm?/sec 
= 2.7-10-%cm?/sec 13 = 0.93. 10-3cm?/sec 


ay3 is calculated from the formula 


ft ope ay SOe 
sin2@ 


Cisse ’ 


where a33 = value of coefficient of temperature conductivity. along the direction perpendicular to the face (001) 
eval wa S TAB, 


The scatter of the temperature-conductivity coefficient for plates cut from one crystal was of the order 
5%, which is within the limits of accuracy of our measurements. The scatter of the values of the temperature - 
conductivity coefficients for different crystals was 10%,which is outside the accuracy of the measurements 
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Fig. 2. Fourier's criterion as a function of time for EDT plates. 
a) X-cut plate, 5.57 mm thick; b) X-cut plate 11.08 mm thick; 
c) Y-cut plate, 5.58 mm thick; d) Y-cut plate, 6.69 mm thick; 
e) Y-cut plate, 14.79 mm thick. 


Fig. 3. Fourier's criterion as a function of time 
for EDT plates, a) Z-cut plates, 11.3 mm thick; 
b) 20 mm thick plate cut parallel to face (001). 
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SOME NEW SIMPLE FORMS OF PYRITE 


G. K. Abdullaev 


In order to discover the relationship between the morphology of pyrite crystals and the conditions of their 


formation, crystals from twenty localities in Azerbaijan were studied. Two hundred and twenty-five crystals 
were measured on the goniometer. 


These measurements established the existence of 113 simple forms, of which 29 were observed on the 
crystals of pyrite for the first time. 


r {14.1.0} v {13.3.0} {19.5.0} {922} 1 {11.6.1} 
2{18.1.0} j {14.3.0} B* {22.5.0} « {877} K {13.10.4} 
g {19.1.0} {13.4.0} H {22.7.0} ® {17.3.3} 

1 


4{13.20} + {15.4.0} 7 {10.1.4} 1 (11.4.4) M’ {10.5.6} 
w {19.2.0} w{19.4.0} P {15.4.4} 2 {19.4.4} B (12.10.5} 
y {25.2.0} {21.4.0} @ {19.1.1} b"{13.6.6} B {18.9.8} 
TABLE 1 
Measured coordinates Computed coordinates 
Form - (average) 
7) e ic?) e 
TAO 84°52’ 89° 5745, 84°48 5’ 90°00’ 
48.1.0 86°48, 5’ 90°02’ 86°49’ 90°00’ 
19.1.0 87°02’ 89°56’ 86°59’ 90°00’ 
{30240 Fea a be 90°03’ SieAoG 90°00’ 
A9)270. Saaw2NoL 90°06 , 5’ 83°59 , 5’ 90°00’ 
25200 85°26’ 90°00’ Sde25.56 90°00’ 
eee) MeOlnog 90°01’ 77°00’ 90°00’ 
14.3.0 77°49’ 90°03’ Tie 90°00’ 
13.4.0 POOR O 5! 90°04’ 72°56’ 90°00’ 
15.4.0 75°10’ 89°58’ 75°06’ 90°00’ 
19.4.0 78°09’ 89°51 5’ 78°07’ 90°00’ 
21.4.0 79°13 5’ 90°01’ 79°13’ 90°00’ 
19.5.0 (pea. 89°52 ,5’ Tol ior 90°00’ 
22 O00 TP Nay 89°58, 5’ Ue aK 90°00’ 
D2 ie 0 F218" 90°02 ,5’ oan 90°007 
105404 84°13’ 84° 1305" SVAN ay 84°19’ 
{kde let 86°18, 5’ 86°17’ 86°07 , 5’ 86°08’ 
19.1.4 87°05 ,5’ 87°05’ 86°59’ JOY) 
922 TET OPASY BY 77°40’ ion (ie aonor 
877 49°00’ 5OeSa" 48°48 , 5’ 56°38/ 
ARMOR 80°01 , 5’ 80°06’ TSE 80°08, 5’ 
AN) Anes 69°53’ ' idiatthccny 70°04’ CAO 
19.4.4 78°18, 5’ Looonon 78°07’ 18° 240 .o0 
13.6.6 65°20’ 67°08’ 652137 67°16/ 
14.6.1 61°36, 5’ 85°18’ 61°29,5’ 85°26’ 
13.10.4 H2I22804 86°34’ 5222600 86°30" 
10.5.6 63°36’ 61°37’ 63°26’ 61°46" 
2AOlno 50°19 ,5’ 122208 SO sdk (PNG? 
18.9.8 Ganis3" 68°25/ 63°26/ 68°19" 
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Form r was found on pyrite crystals from Giul'{atag, Vanklu (NKAO), and Gekgiundur (Ordubad District) 
localities; form v_ was found on crystals from Urumys (Ordubad District), Karalar (Kedabek District), and Vanklu; 
form k, on crystals from Paragachai (Ordubad District) and Cholpan (Kedabek District); and form t, on crystals 
from Cholpan and Karalar localities, Forms a, , M" and B were observed on crystals from Urumys; forms ¥, 
T, P,Q, w, ®, and Z, on crystals from Paragachai; forms z, j, c,d, B, and ¥% on crystals from Karalar; forms i, 
y» and b", on crystals from Vanklun; forms g, u, and H, on crystals from Giul'iatag; form k on crystals from 
Chiragidzar (Khanlar District); and form 2 on crystals from Kovurmadarin (Ordubad District) localities, 


All of these forms were observed on only 2-3 measured crystals. They are, therefore, rare (and some 
doubtful) forms. Their faces are usually poorly developed and give weak and dull reflections on the goniometer 
making satisfactory measurements difficult. At the same time, it should be noted that the faces of some (1, Z, 
v, ¥, etc.) are highly perfect and give single, medium-bright and bright reflections, permitting exact mea- 
surements, 


A table giving the results of measurements and calculations on the new simple forms of pyrite is append- 
ed. 


M. Azizbekov Azerbaijan Industrial Institute Received October 19, 1956 


308 


SOME EXPERIMENTAL DATA ON THE NATURE OF THE FORMATION 
OF ETCHED FIGURES IN AN ULTRASONIC FIELD 


Kh. S. Bagdasarov and V. la, Khaimov-Mal'kov 


It was shown in a communication [1] that when monocrystals in a solution were irradiated by ultrasound 
of frequency 40 kc, a large number of etched figures appeared on their faces.. These figures may be produced 
by ultrasonic irradiation at any stage of dissolution of the monocrystal. 


It has been postulated that the formation of the etched figures is due to local defects of some kind — 
microscopic cracks, etc., when are always present on the faces of a monocrystal. It is known from experiment 
that ridges, hollows and other defects visible on a crystal surface are often studded with these figures. In the 


dissolution of monocrystals the etched figures appear, as a rule, at the beginning of dissolution, and then, as the 
monocrystals dissolve, they disappear. 


Since ultrasound causes the appearance of etched figures at any stage of dissolution of the monocrystal, 
it might be suggested that the ultrasonic irradiation produces on the monocrystal faces a large number of micro- 
scopic cracks which are the sites of formation of the etched figures. 


Tea BE 
Strength of Strength of |Strength |Strength of salt in water 
dry salt salt in still jofsalt in | actedon by ultrasound g/cm? 
No. 2 |water, flowing © | —_____—_ 
pm g/mm? ater, ,|frequency frequency 
g/mm"| 717 ke | 22 kc 
1 398 2430 4960 3170 450 
Ps 205 2130 5900 2980 200 
3 510 2160 3850 4650 476 
4 360 2500 3410 5370 150 
sy) 430 2660 6180 a — 


For confirming our hypothesis we used the Ioffe effect. We know that the low experimental values for 
the breaking strength of rock salt crystals in air are due to the presence of 'dangerous' miscroscopic cracks on 
the surface. It was shown in [2, 3] that the breaking strength of rock salt crystals in water, as compared with 
their strength in the dry state, was markedly higher. 


We repeated the breaking experiments in water and air at room temperature on NaCl specimens, cut 
along the direction (100) and, in addition, we carried out tests on the breaking of rock salt specimens in water 
under the action of ultrasonic radiation of frequency 717 and 22 kc. The results of the measurements are given 
in Table 1 (the ultrasound intensity was equal to ~ 0.2 w/cm?). 


In Table 2 we compare the mean values of our measurements with the results of other authors. 
Changing the temperature of the water up to 80°C did not produce any appreciable changes in the strength. 


From the given data we can see that the action of ultrasound of frequency 22 kc reduces the strength in 
water to the value of the strength in air. We can assume that this reduction of strength is due to the formation 
of ‘dangerous’ microscopic cracks on the crystal surface as a result of cavitation effects, particularly when a 
frequency of 717 kc, where cavitation effects with the power used are much less pronounced, makes little dif- 
ference to the values obtained for the strength, as compared with the strength in water without the action of 
ultrasound, 


TABLE 2 
From M.V. |From our 
Mean values of salt re Plena "leauge 
strength, g/mm baths | Nekliudova| ments 
Dry salt 400—500 294.0 399 ,0 
In still water — — 2380 
In flowing water 4000—5000 2486 4860 
Under ultrasound of fre- = = 4040 


quency 717 kc 
Under ultrasound of fre- . — — 319 
quency 22 kc 


Hence, the etched figures forming on the crystal surface when it is irradiated by ultrasound of frequency 
22 kc and which are absent at the given intensity for a frequency 717 kc, are also connected with the forma- 
tion on the crystal surface of microscopic cracks produced by cavitation and serving as ‘nuclei’ for the etched 
figures. 


The authors thank Academician A. V. Shubnikov for his interest in this work. 
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